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Big sagebrush ecosystems are widespread throughout the western United States 
and provide essential ecosystem services, including water and nutrient cycling, energy 
capture, and habitat for sagebrush obligate taxa. Notably, sagebrush ecosystems provide 
habitat for the greater sage grouse (Centrocercus urophasianus), which is a nearly 
threatened species of high concern. Sagebrush habitat has experienced a 45% reduction in 
range, and a large portion of intact habitat is at risk of loss from severe fire,cheatgrass 
(Bromus tectorum) invasion, encroachment of pinyon-juniper woodlands, fragmentation 
due to human development, and changes associated with anthropogenic climate change. 
Thus, it is of high conservation significance to manage intact ecosystems to prevent 
further loss and restore damaged ecosystems. One challenging factor of sagebrush habitat 
restoration is identifying and obtaining appropriate plant material for revegetation. Local 
adaptation and phenotypic plasticity are two factors that contribute to the successful 
establishment of plants in restoration and the resilience of the restored community. That 
is, selection pressure could result in plant populations with local evolutionary adaptations 
that increase fitness, or on the other hand, differences could result from plastic responses 
to environmental drivers. Therefore, the relative importance of local adaptation and 
phenotypic plasticity in a plant species has implications for restoration plant material 
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sourcing protocols. Choosing local seeds may not be important to ensure successful 
restoration if plants express a large amount of plasticity. Therefore, I focused on 
phenotypic plasticity expressed by plant species with high restoration value using a 
germination study and by surveying plant functional traits at a local scale. A germination 
study consists of a growth chamber experiment to determine if germination rates are 
impacted by temperature preferences in seven sagebrush-associated species. I utilized 
seeds collected from three populations of each species to assess the impacts of 
temperature. There were consistently higher germination rates in colder temperatures. I 
also saw differences in seed traits among species and among populations of the same 
species. I attempted to tie this intraspecific diversity to climate traits, but did not find any 
strong correlations, suggesting that fine scale environmental variables contribute to 
intraspecific plasticity. A deeper understanding of these fine scale variables could 
elucidate patterns in germination behavior that can be used to improve seed restoration 
sourcing protocols. In my leaf traits survey, I measured six leaf traits related to drought 
tolerance in four sagebrush-associated species within one population on Bureau of Land 
Management land near Kremmling, Colorado. There were large interspecific differences 
in leaf area, specific leaf area, and light saturated photosynthetic rate. However, most of 
the variation observed was at a very small scale, probably due to differences in 
microhabitats within plots. Overall, these data suggest that sagebrush-associate species 
have a high degree of phenotypic plasticity and, therefore, locally adapted seeds may not 
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Big sagebrush (Artemisia tridentata, Asteraceae) ecosystems are among the most 
widespread and imperiled in the United States. They inhabit a wide geographic and 
ecological range, occupying approximately 148 million acres in the Sierra Nevada Range, 
Great Basin, Colorado, and Columbia Plateaus and parts of the Mojave Desert (Lysne 
and Pellant 2004, Omernik 1995). These ecosystems provide essential habitat for over 
300 sagebrush obligate taxa (Connelly et al. 2011). Among these, the greater sage grouse 
(Centrocercus urophasianus) is a nearly threatened species of high concern (Connelly et 
al. 2011). A 45% reduction in sagebrush habitat has occurred since European 
colonization as a result of disruptive land management practices and invasive species 
(Miller et al. 2011). These factors have resulted in large and intense fires, after which 
native plant communities do not regenerate without active restoration (Still and 
Richardson 2015, Swanson et al. 2018, Young and Evans 1989). Collectively, these 
factors highlight the need for restoration in big sagebrush ecosystems.  
Plant species with wide geographic ranges often exhibit phenotypic variation 
resulting from local adaptation and plastic responses to environmental variables; 
understanding the degree of variation that is attributed to each of these factors is useful 
for informing restoration seed sourcing protocol (Uribe-Salas et al. 2008). Since big 
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sagebrush ecosystems span a large geographic and ecological range, understanding the 
importance of local adaptation and phenotypic plasticity in species with high restoration 
value may be valuable for determining the most appropriate seed provenance for use in 
ecological restoration and prioritizing species for seed collection and plant material 
development. 
A common assumption in restoration practice is that seeds collected locally have 
high competitive ability and chances of establishment due to local adaptations that make 
them well suited for local environmental conditions (Broadhurst et al. 2008). As a result, 
locally-sourced seeds are often recommended for restoration. Relying on local seed stock 
can be problematic because local seeds in the appropriate quantities are not always 
readily available and can be expensive to collect and develop. This is true in sagebrush 
ecosystems, where an increasing frequency of large fires necessitate large quantities of 
seeds for restoration (Connelly et al. 2004). The location and size of areas to be restored 
are not predictable, and therefore it is difficult to obtain large quantities of appropriate 
seeds. 
Frequently, agronomic seeds are used for ecological restoration because local 
seeds are not available (Kulpa and Leger 2012, Leger and Baughman 2015). Agronomic 
seeds often originate from one or a few wild populations, which can be far from the 
restoration site (Kulpa and Leger 2012, Leger and Baughman 2015). Additionally, over 
time, artificial selection occurs for traits that do not necessarily relate to fitness (Leger 
and Baughman 2015). To address this problem, the Bureau of Land Management (BLM) 
established the Native Plant Development Program, a six-step program to develop local 
seed stocks to be utilized in restoration (Olwell 2015, Figure 1). The Seeds of Success 
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Program was developed to facilitate the first step of this program, collection of seeds 
from wild populations. Seed collections tend to focus on common species with wide 
distributions and high restoration value, and plants associated with sagebrush ecosystems 
have been a major target for collection (Olwell 2015). From there, The Native Seed 
Collection Program is tasked with using those seeds to develop and produce local seed 
stock (Steps 2 through 4). Seed storage, development of seed transfer zones, and use in 
native plant restoration are Steps 5 and 6 (Olwell 2015, Figure 1). 
 
Figure 1. Native plant materials program six step process. Adapted from “Seeds of 
Success: A National Seed Banking Program Working to Achieve Long-Term 




While the assumption of “local is best” has been supported in some common 
garden studies, it has not been empirically tested in large-scale restoration studies. 
Additionally, variability of local ecosystems on a small scale may result in populations 
with local adaptations that are more similar to more distant populations that experience 
the same environmental selection pressures (Bischoff et al. 2006). Thus, similarity to the 
ecosystem of seed origin may be a more important factor than distance to restoration site 
(Bischoff et al. 2006). Generalized seed zones are currently used to help with the 
collection and transfer of seeds for restoration, but should be improved using genetic 
analysis for each species in question, as species may vary in degree of local adaptation 
(Ying and Yanchuk 2006). 
Phenotypic plasticity is another consideration for restoration plant material 
sourcing, which I focused on in my research. Phenotypic plasticity is the range of 
phenotypes an individual may express, which are influenced by the specific 
environmental conditions in which the plant grows. Some plant species have a higher 
degree of plasticity than others. For example, Poorter et al. (2009) found in a review of 
800 taxa that herbaceous dicots and shade-intolerant plants tend to exhibit a higher 
degree of surface leaf area plasticity compared to other types of plants in response to the 
amount of photosynthetic irradiation they are exposed to during growth. A high degree of 
plasticity in a species is an indication of an ability to acclimatize to a wide range of 
environmental conditions (Vasseur et al. 2018). Therefore, in cases where plants express 
a high degree of plasticity, local adaptation may not play a large role in ensuring 
restoration success. As a result, knowing the degree of plasticity in plants with high 
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restoration value can help land managers prioritize the collection and development of 
seed resources and creation of seed zones.  
In my thesis, I conduct research that addresses gaps in knowledge existing in seed 
sourcing protocols for ecological restoration. My research is presented in the form of two 
articles. In Chapter II, I conduct a germination study using seeds of commonly applied 
restoration species with the goal of testing germination timing and preferences. In 
Chapter III, I survey functional traits of sagebrush associated species across a small-scale 
ecological gradient. By assessing functional traits, I hope to address gaps in knowledge 
relating to local adaptation and phenotypic plasticity in common species, thereby 
increasing our knowledge base to improve seed sourcing protocol. 
I assessed phenotypic plasticity using a functional trait approach. Plant functional 
traits are traits that either indirectly or directly impact plant fitness (Wright et al. 2004). 
These traits capture measurable ecological tradeoffs in productivity, water use efficiency, 
and other selection factors (Wright et al. 2004). Plant functional traits have been 
demonstrated to vary as a result of local spatial resource heterogeneity and across 
ecological gradients, and the combinations of traits present in specific ecological 
conditions are generally considered optimal for those conditions (Munbergova et al. 
2017, Violle et al. 2007).  
In Chapter II, I focused on seed functional traits, which include seed size, total 
germination, and days to 75% of total germination in various temperature regimes. These 
traits are related to regeneration and establishment of plants in restoration (Cornelissen et 
al. 2003, Zhang et al. 2018). I used seeds of seven sagebrush-associated species collected 
6 
 
from multiple populations to asses within population, among population, and among 
species variation in traits.  
In Chapter III, I survey leaf functional traits in common species in sagebrush 
habitat within one species and population to assess the degree to which these traits are 
plastic. Leaf traits are related to plant productivity and drought tolerance and directly 
influence plant fitness (Cornelissen et al. 2003). My hope was that the degree of plasticity 
of traits expressed in different habitats within this population can be used to predict 
species’ response to environmental change and how plants may perform in restoration.  
Additionally, the use of functional traits has been proposed as a means for setting 
goals for restoration and choosing species assemblages for revegetation (Strahan et al. 
2016). Restoration practitioners often find it difficult to define appropriate goals for 
restoration, and most commonly attempt to restore an ecosystem to a historic condition 
by re-establishing historic vegetation communities and disturbance regimes (Hobbs 
2007). While this may be ideal, this may not always be achievable. In many ecosystems, 
historical reference conditions are not well defined. This has been demonstrated in 
sagebrush ecosystems, where generalized management recommendations are 
inappropriate because they do not take environmental variability into account (Davies 
and Bates 2010). Additionally, projected environmental conditions may not be 
appropriate to support historic plant communities. Climate change scenarios for areas 
where sagebrush occur predict an increase in temperature and atmospheric carbon 
dioxide content as well as an increased frequency of severe weather events (Miller et al. 
2011). These changes are expected to exacerbate plant community-altering disturbances 
such as severe fire and cheatgrass (Bromus tectorum, Poaceae) invasion and result in 
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further loss of sagebrush habitat. This may warrant restoration goals that depart from 
historical communities in favor of species assemblages with traits that will restore 
ecosystem function and be resilient to environmental change (Hobbs 2007). Quantifying 
traits of common species in sagebrush habitat could contribute to what we know about 
the trait spaces these species inhabit and, subsequently, can inform restoration efforts.  
One criticism of a functional approach to community ecology is that most 
analyses do not take trait plasticity into account. Much of the literature in functional 
ecology has focused on interspecific trait variation by averaging trait values at the species 
level (Strahan et al. 2016). Recently, there has been more interest in intraspecific 
functional variability (Shipley et al. 2016, Violle et al. 2012). This has raised questions 
about when and at what scales it is appropriate to use average values in analyses, and 
when it may be misleading. Using average trait values may be an oversimplification, 
particularly in species that exhibit large plasticity. For example, incorporating phenotypic 
plasticity into analyses has improved predictions of global change impacts on ecosystem 
processes (Wardle et al. 2009). Studies have shown that in some cases, particularly in 
harsh ecosystems with low species diversity, intraspecific plant variability can be higher 
than interspecific plant variability (Kazakou et al. 2014, Kichenin et al. 2013, Kumordzi 
et al. 2014). In such ecosystems, it has been suggested that reduced competition among 
species has allowed individuals of the same species to occupy larger trait spaces (Violle 
et al. 2012). Since sagebrush habitat tends to have low species diversity and the species 
that make up these communities inhabit a wide ecological range, they may have a high 
degree of plasticity, and averaging trait values may be inappropriate. Therefore, 




Overall, in my thesis I quantified functional traits related to germination, 
productivity, and drought tolerance in species with high restoration value. In Chapter II, I 
focused on the amount of intraspecific variation expressed in seed traits among 
populations and differences among species. I expected that germination traits were more 
similar within species than among species, and interactions among species and accession 
could be interpreted as examples of local adaptation. In Chapter III, I quantified leaf traits 
expressed in different habitats within one population. I expected interspecific variation to 
be larger than intraspecific variation. Additionally, I expected plants of the same species 
to respond plastically, optimizing for the habitat in which they are found. 
Review of the Literature I: Ecological Restoration in 
Sagebrush Habitat 
Sagebrush ecosystems occur widely in the western United States, stretching from 
the eastern slopes of the Sierra Nevada Range, across the intermountain region, to 
western parts of the Great Plains. Sagebrush communities are shrubby with Artemisia 
tridentata as the dominant species and provide habitat for many taxa. However, changes 
associated with human land use have decreased historic sagebrush habitat by 45%, and 
remaining communities often have altered function due to a variety of disturbances 
(Miller et al. 2011). Ecological restoration is the process of assisting the recovery of an 
ecosystem that has been damaged, degraded, or destroyed and can be utilized to improve 
damaged sagebrush habitat (Clewell and Aronson 2013).  
Ecological restoration involves setting goals and measures of success, developing 
a treatment plan that will accomplish set goals, implementing the treatment plan, and 
monitoring the results of restoration (Clewell and Aronson 2013). The goals of the 
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restoration project ultimately determine whether it is considered successful, as they set 
measures of success. Restoration practitioners often find it difficult to define appropriate 
targets for restoration success and attempt to restore an ecosystem to a historic condition 
by re-establishing historic vegetation communities (Hobbs 2007). This may not be 
appropriate in some cases, as the ecosystem may no longer be able to support such a 
community. Instead, restoration goals that attempt to re-establish ecosystem function by 
re-establishing functional groups can be attainable and allow the resulting ecosystem to 
function properly and have high resilience (Thorpe and Stanley 2011). In this review, I 
focused on commonly altered disturbance regimes in sagebrush communities and the 
implications they have for restoration. 
An ecosystem’s structure consists of a soil base and a vegetation community, 
which are connected through intrinsic ecological processes or functions. Some ecological 
processes in sagebrush habitat include hydrology, energy capture, and nutrient cycling. 
The maintenance of sagebrush habitat structure and function preserves ecosystem 
integrity and results in a resilient, resistant, and stable state, which may experience 
natural variation (Stringham et al. 2003). Disturbances that damage ecosystem integrity 
to the point that it cannot recover necessitate active restoration, which usually attempts to 
re-establish pre-disturbance vegetation communities. However, many sagebrush 
ecosystems have experienced extensive degradation due to severe or multiple 
disturbances and are no longer able to support historic plant communities (Davies 2011). 
In these situations, it may be sufficient to attempt to restore ecosystem function by 
establishing a plant community with comparable functional traits to the historical 
community.   
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A focus on functional traits groups plants into alliances that share similar 
morphological, life history, competitive, and regeneration traits (Gondard et al. 2003). 
Plants within these grouping, therefore, play a similar role in ecosystem function and 
have similar responses to disturbance. By focusing on restoration methods that plan for 
the regeneration of each functional group, a diverse and well-functioning ecosystem can 
result (Engst et al. 2016). Primary functional groups in sagebrush ecosystems include 
woody shrubs, an herbaceous component of C3 and C4 forbs and grasses, and well-
developed biological soil crusts. Since sagebrush ecosystems span a wide geographical 
and ecological range, it is difficult to characterize them as a whole, and plant functional 
community structure varies geographically (Table 1).  
Table 1 







Elevation (m) 600-3,300 
 
Annual precipitation (mm) 200-750 
 
Soil type 12 soil textural classes in five soil orders: Alfisols, 
Aridisols, Entisols, Inceptisols and Mollisols 
 
Soil pH 5.9-10.0 
 
Soil organic matter % 0.62-4.14 
 
Note. Adapted from “The PLANTS Database” by USDA-NRCS, 2019. 
 
The dominant component of sagebrush ecosystems is woody shrubs, principally 
Artemisia tridentata. Other common woody shrubs include Ericameria nauseosa 
(Asteraceae), Gutierrezia sarothrae (Asteraceae), and Chrysothamnus viscidiflorus 
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(Asteraceae), Purshia tridentata (Rosaceae), Adenostoma fasciculatum (Rosaceae), and 
Symphoricarpos (Caprifoliaceae) spp. Some species in this group have the ability to 
resprout after light intensity fire, but re-establish more slowly than herbaceous functional 
groups after complete removal (Boyd and Svejcar 2011, Miller et al. 2011). This is the 
late seral component of this ecosystem. 
The herbaceous component of sagebrush ecosystems consists of perennial grasses 
and forbs, with ratios of each group that differ based on geographic location and seasonal 
water availability (Pyke et al. 2015). Cooler sites in the northern Great Basin and 
Wyoming where precipitation generally falls as snow in the winter tend to have a higher 
proportion of forbs with C3 photosynthetic pathways. In warm, southern areas that are 
impacted by summer monsoonal rainfall, the proportion of perennial grasses with C4 
photosynthetic pathways is higher. In the southeast portion of the sagebrush range, there 
are two rainy seasons, causing a mixture of forbs and grasses with C3 and C4 
photosynthetic pathways. The forb component of sagebrush communities is generally 
tolerant to removal and can re-establish fairly quickly. Perennial grasses take longer to re-
establish after removal, and this has been demonstrated to leave the ecosystem vulnerable 
to invasion by nonnative plant species (Boyd and Svejcar 2011).  
Biological soil crusts are also an important component of sagebrush ecosystems. 
Soil crusts consist of a matrix of cyanobacteria, lichen, and moss, which cover the soil in 
the interspaces between plants. They function to increase water infiltration, decrease soil 
erosion, and serve as a buffer for soil fauna (Belnap 2006). In this way, the vigor of soil 
crust communities can influence the overall health of sagebrush communities by 
impacting soil health and soil water availability.  
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Disturbances that occur in sagebrush ecosystems can be grouped into two 
categories: disturbances that alter plant community composition and disturbances that 
cause complete defoliation. Disturbances that alter plant community composition cause 
degradation in one or more plant functional groups, altering plant community dynamics. 
In an ecosystem with an altered plant functional group, intervention targeted at restoring 
the altered functional groups is necessary. Disturbances that cause complete defoliation, 
such as large fires or plant removal for energy development, necessitate restoration that 
aids in the establishment of entire plant communities (Figure 2). 
 
 
Figure 2. Summary of disturbances that decrease ecosystem integrity in sagebrush habitat 




At many low elevation sagebrush sites, the invasion of annual grasses, principally 
Bromus tectorum (Poaceae), has altered the community composition and decreased native 
plant diversity. Annual grasses fill in the interspace between perennial plants, outcompete 
native vegetation, and increase fire frequency (Brummer et al. 2016). This is particularly 
problematic because resulting fires have spanned huge areas of land (Brummer et al. 
2016). While the invasion of annual grasses initially changes plant community 
composition, fires caused by the presence of these grasses can cause complete 
defoliation. Frequent fires prevent the re-establishment of sagebrush and increase the 
presence of invasives, as annual grasses are better equipped to re-establish post-fire, 
creating a positive feedback loop of invasive annual grass dominance.  
Grazing by ungulates is very common in sagebrush habitat and can change plant 
species composition. Sagebrush ecosystems historically experience light grazing, which 
can be beneficial in preventing the occurrence of severe fires (Pyke et al. 2015). 
However, repeated heavy grazing has been demonstrated to concentrate foraging around 
water supplies and decrease perennial grass basal cover (Adler et al. 2005). This is paired 
with an increase in the frequency of woody shrubs, which are not preferred as forage, 
leaving the ecosystem vulnerable to invasion by exotic species (Adler et al. 2005). The 
hooves of grazing cattle can also destroy biological soil crust communities, changing an 
ecosystem’s hydrologic function and susceptibility to erosion (Belnap 2006).  
Energy development is an increasingly common disturbance that causes 
fragmentation of sagebrush habitat, as vegetation is completely removed to install well 
pads, pipelines, wind turbines, or build associated roads (Davies 2011). Soil compaction, 
erosion, and contamination can be associated with these disturbances. Reclamation is 
14 
 
required after such disturbance and should be sufficient in re-establishing all functional 
groups.  
At high elevation sagebrush communities, fire suppression has resulted in the 
expansion of juniper and pinyon pine woodlands downslope. The establishment of these 
species crowd out sagebrush ecosystems, resulting in a decrease in woody shrub species 
and an increase in scrubby trees (Davies 2011). This disturbance necessitates restoration 
that removes trees and re-establishes sagebrush.  
Changes associated with anthropogenic climate change may also impact 
sagebrush community structure. Climate change scenarios for areas where sagebrush 
occurs predict an increase in temperature, atmospheric carbon dioxide content, and 
frequency of severe weather events (Miller et al. 2011). This has the potential to alter 
species composition, as species may respond differentially to these circumstances due to 
different photosynthetic pathways. Photosynthesis in C3 plants is limited by carbon 
dioxide, so an increase of carbon dioxide is expected to increase the rate of 
photosynthesis, which may make these plants more productive (Taub 2010). Plants with 
C4 photosynthetic pathways are not carbon dioxide limited and, therefore, may not be 
impacted by an increase in atmospheric carbon (Taub 2010). 
In conclusion, the occurrence of high severity or multiple disturbances may 
necessitate restoration to restore ecosystem integrity and resilience. Restoration projects 
that attempt to restore historic vegetation communities may not be appropriate due to 
extensive damage, and in these situations, restoration practitioners should focus on the re-
establishment of species with traits that will restore ecosystem function.  
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In the western United States, restoration efforts rely on hundreds of metric tons of 
seeds, translating to 10s of millions of dollars annually in labor and material cost 
(Knutson et al. 2014). Restoration in sagebrush habitat occurs almost entirely from seed, 
which is commonly applied aerially or using chaining or drilling methods (Germino et al. 
2018, Knutson et al. 2014). Sagebrush restoration projects often yield poor recruitment 
for native plants with only 5-10% of seeds sown establishing (James et al. 2011, Williams 
et al. 2002). As a result, nonnative perennial grasses such as smooth brome (Bromus 
inermis, Poaceae) are often seeded to prevent erosion and the invasion of cheatgrass. This 
has resulted in millions of acres of smooth brome seeding, which does not have the same 
ecological function as native sagebrush habitat (Davies 2011, Williams et al. 2017).  
Sagebrush restoration often occurs in late fall or early spring. Seeding in late fall 
may be vital for breaking physiological dormancy in some seeds. However, fall 
germination and death from frost is a risk. In many sagebrush ecosystems, timing of 
germination is a particularly important trait. Early spring snowmelt is the most important 
source of water for plants and, thus, early spring germination allows seedlings to take 
advantage of water from snowmelt and establish before summer drought. However, early 
germination can be risky as it coincides with frost. Frost tolerance and seed physiological 
dormancy have been demonstrated to be the most important factors in first-year survival 
in restored sagebrush ecosystems (Brabec et al. 2017).  
Review of Literature II: Life History Characteristics  
of Study Species 
 
In this section, I will focus on life history aspects of species I studied in my thesis. 
I chose Artemisia tridentata, Grindelia squarrosa, Achillea millefolium, Eriogonum 
umbellatum, Ericameria nauseosa, Chrysothamnus viscidiflorus, Astragalus canadensis, 
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Gutierrezia sarothrae, and Symphoricarpos rotundifolius for either or both the 
germination study and functional trait survey. 
Artemisia tridentata Nutt.— 
Asteraceae 
Artemisia tridentata is a cool-season shrub that grows in arid and semi-arid 
environments in the western United States. It is a dominant plant species in much of its 
range. Artemisia tridentata produces two different kinds of leaves to avoid drought stress. 
Small, evergreen leaves with low surface areas are retained year-round. These leaves are 
clumped together and hairy, which are adaptations to reduce transpiration. These leaves 
are instrumental for early season energy capture, which is crucial since water availability 
is highest during this time. Ephemeral leaves are produced early in the spring. These 
leaves have a higher surface area and are more efficient in energy capture. However, they 
also have higher transpiration rates and, therefore, are shed during the summer drought. 
Artemisia tridentata sheds 60-65% of total foliage due to seasonal drought (Kolb and 
Sperry 1999). Artemisia tridentata also exhibits a diurnal pattern of stomatal conductance 
in response to drought stress, with conductance highest between 5am and 12pm (Ogle et 
al. 2007).  
Artemisia tridentata exhibits characteristics of stress tolerator species in that it is 
long-lived, develops slowly, and inhabits areas with water limitation. However, this 
species’ reproductive strategy is more characteristic of ruderal species. Flowers are 
produced in August and September (Baldwin et al. 2012). They are small, abundant, and 
pollinated by wind. Achene fruits are produced in the fall or early winter. Seeds are very 
small, about 1 mm in length, with very few nutrients stored for germination. Many 
thousands of seeds are produced by each plant and are either dispersed by wind or 
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through ingestion and expulsion by animals (Baldwin et al. 2012). Big sagebrush 
reproduces only by seed and cannot resprout from roots or reproduce vegetatively, which 
also differentiates it from many other stress-tolerant species. Big sagebrush experiences 
high mortality rates in the seedling stage, following a type III survivorship curve 
(Perryman et al. 2001). Seeds are relatively short-lived, remaining viable for one to three 
years (Miller et al. 2011). 
There are three major subspecies of Artemisia tridentata that occupy distinct 
niches throughout its range (Kolb and Sperry 1999). Four additional recognized 
subspecies occupy small, isolated areas within the larger range. Artemisia tridentata spp. 
wyomingensis is the most common species, occupying low elevation, arid areas. It is 
distinguished by its short stature (<0.5 m), floral stocks that arise through the crown, and 
it is tetraploid. Artemisia tridentata spp. vaseyana inhabits high elevation, mesic habitats. 
It is distinguished by floral structures that arise from the upper crown, extending above 
the vegetative parts of the plant. This subspecies is diploid and intermediate in stature. 
Artemisia tridentata spp. tridentata is imtermediate to the other subspecies, occurring in 
areas that are in between in moisture and elevation. It is generally taller than the other 
two subspecies and can be diploid or tetraploid. Hybridization among subspecies occurs 
in individuals of the same ploidy (McArthur and Sanderson 1999). 
Grindelia squarrosa (Pursh) Dunal-- 
Asteraceae 
 
Grindelia squarrosa is a cool season biennial, or short-lived perennial herbaceous 
species that grows to be about 0.5 m tall. It is native to much of the area from Canadian 
province Manitoba to as far south as Texas and east to Idaho and Arizona and is 
commonly found in grasslands, riparian areas, and along roadsides (Baldwin et al 2012). 
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In the first year of growth Grindelia squarrosa produces a rosette of sessile and serrate 
and/or entire leaves. In the second year of growth it produces flower heads in late June-
September (Baldwin et al. 2012). Heads contain yellow ray and disk flowers and produce 
a gummy resin. Heads are about an 4 mm wide and are subtended by recurved bracts. 
Each plant produces many flower heads, which have a branched arrangement. Flowers 
are insect pollinated and self-incompatible (Dunford 1986). Achene fruits are produced 
from September on and have a hairy pappus for wind dispersal. Grindelia squarrosa 
exhibits a seed polymorphism in which disk and ray achenes have different germination 
preferences (McDonough 1975). 
Grindelia squarrosa produces a deep taproot that reaches about 2 m in length, as 
well as a shallow root system which allows it to reproduce through rhizomes and take 
advantage of summer rainstorms (Strother and Wetter 1997). This taproot and production 
of resins contribute to its ability to tolerate drought conditions, and as a result, G. 
squarrosa is a common component of roadside reseeding mixes (Monsen and Shaw 
1982). There are four recognized varieties of Grindelia squarrosa, but the most common 
variety, G. squarrosa var. squarrosa, is the only one typically found in Colorado. 
Grindelia squarrosa has been demonstrated to be used as a food source for sage grouse 
chicks older than five weeks old, but has low palatability for livestock, mule deer, and 
pronghorn due to tannins, volatile oils, resins, and bitter alkaloids (Dittberner and Olson 
1983, Peterson 1970). Because of its short life cycle, seed dispersal strategies, and 
reproduction through rhizomes, Grindelia squarrosa may be characterized as a ruderal 
species.  




Achillea millefolium is a perennial, cool-season forb that grows to be 1 m tall. It 
has a circumboreal distribution and is found in every state in the United States. Leaves 
are alternate and finely dissected. Achillea millefolium has a dome-shaped cluster of 
insect-pollinated flowers that can be white, pink, or red and appear May-September. 
Achene fruits which are wind dispersed. Achillea millefolium has high restoration value 
due to its hardiness and extensive rhizomatous growth, which has been demonstrated to 
assist in the flocculation of soil in disturbed sites (Monsen and Shaw 1982). Achillea 
millefolium is generally considered unpalatable for livestock due to tannins, but has been 
demonstrated to be utilized by greater sage grouse chicks as forage (Peterson 1970). 
There are eight varieties of Achillea millefolia in the United States that differ primarily in 
chromosome number and arrangement.  
Ericameria nauseosa (Pall. Ex Pursh)  
G. L. Nesom and Baird—Asteraceae 
 
Ericameria nauseosa is a perennial, cool-season shrub with a wide distribution in 
the United States. There are 2 recognized subspecies and 22 ecotypes, which vary 
considerably in appearance and chemical composition (United States Department of 
Agriculture Natural Resource Conservation Service (USDA-NRCS) 2019). Shrubs grow 
to be 0.5-3 m tall with spreading, flexible stems. Stems are often covered in fine, grayish 
hairs. Leaves are 4-12 cm long, thin, and may also be covered with hairs. Flowers are 
yellow, tubular, and arranged in large clusters, blooming in late summer through fall. 
Flowers are animal pollinated and achene fruits are wind dispersed (Scheinost et al. 
2010). 
Ericameria nauseosa can be considered an early- to mid-successional species, as 
it can dominate after disturbance (Tirmenstein 1999). However, it is not overly 
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competitive and is replaced with other vegetation as the community matures, making it a 
good component for restoration seed mixes (Tirmenstein 1999). It provides winter forage 
and cover for wildlife, including the greater sage grouse (Scheinost et al. 2010). 
Additionally, its deep root system provides soil stabilization, and high litter contributions 




Chrysothamnus viscidiflorus (Hook.) 
Nutt.—Asteraceae 
 
Chrysothamnus viscidiflorus is a small shrub that is widely found in the western 
United States (USDA-NRCS 2019). It grows to be 20-100 cm tall with pale green stems 
that spread out from the base. The leaves are linear and 1-6 cm long. Flowers are yellow 
and are borne on heads 5-7 cm long and 2-4 mm wide with glandular or pubescent bracts. 
Achene fruits are about 4 cm long with hairy pappus. Flowers are insect pollinated and 
fruits are wind dispersed (Tilley and St. John 2012). There are five recognized varieties 
of Chrysothamnus viscidiflorus which vary based on stem pubescence and geographical 
distribution (Tilley and St. John 2012).  
Chrysothamnus viscidiflorus is an early- to mid-seral species that is often found 
with big sagebrush. Chrysothamnus viscidiflorus cover often increases after disturbance, 
but decreases as sagebrush densities recover (Young and Evans 1974). Additionally, it 
provides nesting habitat for many small mammals and birds including the greater sage 
grouse. Therefore, it is commonly used in restoration seed mixes (Tilley and St. John 
2012).  
Eriogonum umbellatum Torr.— 
Polygonaceae 
 
Eriogonum umbellatum is widespread in the western United States and occupies a 
wide variety of dryland ecosystems (USDA-NRCS 2019). It is a woody, perennial, cool-
season forb. Plants form mats up to 1 foot high and 3 feet across (Dyer 2015). Leaves are 
shiny and green on top, woolly underneath, and about 4 cm long. Flower stems protrude 
from the mat and can be 30-100 cm tall. Flowers are yellow to orange. There are 30 
recognized subspecies of this plant (USDA-NRCS 2019). Seeds and leaves of Eriogonum 
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umbellatum are an important source of food for wildlife, including the greater sage 
grouse (Dyer 2015). Additionally, it is used for erosion control and can establish on 
disturbed and nutrient poor soils, making it a good component for restoration seed mixes 
(Dyer 2015). 
Gutierrezia sarothrae (Pursh)  
Britton and Rusby— 
Asteraceae 
Gutierrezia sarothrae is a small, perennial, cool-season shrub that is widespread 
in the United States (USDA-NRCS 2019). It grows to 20-100 cm tall with resinous, 
woody stems that branch out from the base. Linear-shaped leaves grow from 5-60 mm 
long and 1-3 mm wide. Clusters of flowers bloom at the tips of the stems, with several 
ray florets per cluster. Flowers are subtended by a whorl of bracts. Flowers are insect 
pollinated. Achene fruits are dimorphic, with smaller ray achenes containing scales, while 
larger disk achenes do not contain scales (Hurteau 2006). Gutierrezia sarothrae is an 
early seral species that does well on disturbed sites and is considered important forage for 
wildlife (Hurteau 2006). 
Symphoricarpos rotundifolius  
A. Gray--Caprifoliaceae  
Symphoricarpos rotundifolius is a late-seral sagebrush-associated shrub found in 
the southwestern United States (USDA-NRCS 2019). There are two recognized varieties, 
which are separated geographically (USDA-NRCS 2019). Variety rotundifolius is found 
in Colorado in high-desert habitat (USDA-NRCS 2019). This woody, deciduous shrub 
grows to be about 1-2 m tall and produces opposite, circular leaves that are 1-3 cm long. 
Flowers are white or pink and tubular. They are produced in clusters and are pollinated 
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TEMPERATURE AND SEED PROVENANCE IMPACT  
GERMINATION TRAITS IN PLANTS COMMON TO  
SAGEBRUSH ECOSYSTEMS: IMPLICATIONS  




Seed mass and germination patterns are traits directly related to colonization 
ability and plant fitness. However, patterns of variation in these traits remain poorly 
understood and are often disregarded when considering seed sourcing protocols for 
restoration. Examining patterns of interspecific and intraspecific variation in germination 
traits may be critical in planning for restoration of widespread ecosystems that will be 
impacted by anthropogenic climate change. I examined natural history traits and 
variability in seven species commonly used as components in restoration seed mixtures 
for big sagebrush habitat. Traits included seed mass, total germination, and timing of 
germination in multiple populations of each species. Results showed that seed mass, 
germination, and timing of germination vary significantly among species and populations 
of the same species. Additionally, though germination is consistently high at low 
temperatures, variability increases at higher temperatures. High variability in germination 
traits has been suggested as a tool to improve establishment and persistence of plants in 
restoration and, in turn, improve the chances of habitat and species persistence. My 
results indicated that within-species variation should be taken into account by restoration 
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practitioners when planning seed zones and large restoration projects in sagebrush 
habitat. 
Introduction 
Big sagebrush (Artemisia tridentata) ecosystems are among the most widespread 
and imperiled in the United States. They inhabit a wide geographic and ecological range, 
occupying approximately 148 million acres in the Sierra Nevada Range, Great Basin, 
Colorado and Columbia Plateaus, and parts of the Mojave Desert (Lysne and Pellant 
2004, Omernik 1995). These ecosystems provide essential habitat for over 300 sagebrush 
obligate taxa (Connelly et al. 2011). Among these, the greater sage grouse (Centrocercus 
urophasianus) is a nearly threatened species of high concern (Connelly et al. 2011). A 
45% reduction in sagebrush habitat has occurred since European colonization as a result 
of disruptive land management practices and invasive species (Miller et al. 2011). These 
factors have resulted in large and intense fires, after which native plant communities do 
not regenerate without active restoration (Still and Richardson 2015, Swanson et al 2018, 
Young and Evans 1989). Invasive annual grasses such as cheatgrass (Bromus tectorum) 
colonize readily after such events and result in a positive feedback loop of fire and annual 
grass invasion (Davies et al. 2012, Miller et al. 2011, Swanson et al. 2018, Zouhar 2003). 
Collectively, these factors highlight the need for restoration in big sagebrush ecosystems. 
Ecological restoration is the process of assisting in the recovery of a damaged or 
degraded ecosystem and can be used to restore damaged sagebrush habitat (Clewell and 
Aronson 2013). In the western United States, restoration efforts rely on hundreds of 
metric tons of seeds, translating to 10s of millions of dollars annually in labor and 
material cost (Knutson et al. 2014). Restoration in sagebrush habitat occurs almost 
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entirely from seed, which is commonly applied aerially or using chaining or drilling 
methods (Germino et al. 2018, Knutson et al. 2014). Sagebrush restoration projects often 
yield poor recruitment for native plants, with only 5-10% of seeds sown establishing 
(James et al. 2011, Williams et al. 2002). As a result, non-native perennial grasses such as 
smooth brome (Bromus inermis) are often seeded to prevent erosion and the invasion of 
cheatgrass. This has resulted in millions of acres of smooth brome seeding, which does 
not have the same ecological function as native sagebrush habitat (Davies 2011, Williams 
et al. 2017).  
Selecting appropriate native plant seeds is a vital component of the restoration 
planning process and may increase recruitment success, translating to higher 
establishment rates. Identifying appropriate species and genetically appropriate seed 
stock can be difficult due to the wide distribution of sagebrush-associated species and 
large heterogeneity in sagebrush habitats. Species that occupy a large geographic range 
often exhibit a large amount of variability as a result of local adaptation and phenotypic 
plasticity (Albert et al. 2010, Bischoff et al. 2006, Broadhurst et al. 2008, Nicotra et al. 
2010, Uribe-Salas et al. 2008). These factors may impact seed germination and survival 
and, therefore, impact the success of the restoration project.  
Restoration protocols often recommend the use of local seeds, assuming these 
seeds may have local adaptations that will result in high establishment. However, 
obtaining local seed stock in the appropriate quantities after large fires is not always 
possible. It is difficult to predict the size and location of areas that will need to be 
restored and, therefore, it is difficult to have appropriate seeds in large quantities 
available. For example, after a large fire, the Upper Snake Sagebrush Restoration Project 
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spanned an area over 70,000 acres, using over 1,540,000 pounds of native seed (BLM 
2015a). As a result, agronomic seeds are often used, which usually originate from one or 
a few locations and over time may accumulate traits due to artificial selection that do not 
necessarily translate to higher fitness in the field (Kulpa and Leger 2012, Leger and 
Baughman 2015). 
Unfortunately, we lack the species knowledge that optimizes restoration success; 
specifically, the variability of germination related to environment, plasticity, and seed 
traits. Such links are especially important when anthropogenic climate change is likely to 
contribute to alteration and degradation of ecosystems, alter plant species distributions, 
and increase areas occupied by invasive species (Palmquist et al. 2016, Still and 
Richardson 2015, Ziska et al. 2005). Here I attempt to examine links between the 
germination characteristics of seven species typical of sagebrush habitats (Achillea 
millefolia L., Artemisia tridentata Nutt. Spp. tridentata, Artemisia tridentata Nutt. Ssp. 
Parishii (A. Gray) H. M. Hall and Clem., Astragalus canadensis L., Chrysothamnus 
viscidiflorus (Hook.) Nutt., Ericameria nauseosa (Pall. Ex Pursh) G. L. Nesom and 
Baird, Eriogonum umbellatum Torr., Grindelia squarrosa (Pursh) Dunal) from multiple 
populations and their functional traits related to climate.   
Seeds have internal mechanisms that regulate the timing of germination as a 
function of temperature and moisture (Baskin and Baskin 2014). In many sagebrush 
ecosystems, timing of germination is a particularly important trait. Early spring snowmelt 
is the most important source of water for plants and, thus, early spring germination allows 
seedlings to take advantage of water from snowmelt and establish before summer 
drought. However, early germination can be risky as it coincides with frost. Frost 
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tolerance and physiological dormancy have been demonstrated to be the most important 
factors in first-year survival in restored sagebrush ecosystems (Brabec et al. 2017).  
Physiological seed dormancy in Artemisia tridentata impacts timing of 
germination and has been demonstrated to vary within and among subspecies and 
cytotypes along climate gradients. Seed collected in areas with higher frost risk have 
higher physiological dormancy, meaning they need a longer period of cold chill in order 
to germinate (McCarther et al. 1987, Meyer et al. 1990, Meyer and Monsen 1991). These 
intraspecific differences in physiological dormancy could be a result of local adaptation 
or phenotypic plasticity. That is, populations could accumulate traits which increase 
fitness in the local environment. Or, on the other hand, the weather during seed 
maturation could impact seed characteristics (Dewan et al. 2018). Higher physiological 
dormancy in seeds has been demonstrated to translate to lower germination rates in the 
field (Myer and Monsen 1990). Additionally, physiological dormancy has been 
demonstrated in Chrysothamnus viscidiflorus and Eriogonum umbellatum, but varying 
degrees of dormancy among populations has not been assessed (Kildisheva et al 2018). 
Grindelia squarrosa exhibits a seed polymorphism, in which disk achenes germinate 
more readily at colder temperatures than ray achenes (McDonough 1975). This is 
hypothesized to be a bet-hedging strategy to ensure germination in cool and warm 
seasons or years (McDonough 1975). Removal of the pericarp increases germination 
rates for all seeds of this species (McDonough 1975). In general, accessions of 
Ericameria nauseosa and Artemisia tridentata with larger seeds have been demonstrated 
to germinate faster and at higher rates in laboratory and field experiments (Benard and 
Toft 2008, Busso et al. 2005).  
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In addition to physiological characteristics, the timing of seeding has been 
demonstrated to impact seed germination and establishment. Traditionally, sagebrush 
restoration occurs in the late fall or early spring. Winter snowfall is crucial for breaking 
dormancy in some species; however, for species with no or weak physiological 
dormancy, winter germination and mortality from frost is a risk. Early spring seeding has 
a lower risk of frost kill; however, if seeds are sown too late, they cannot fully take 
advantage of winter snowmelt and establish before summer drought. This can also cause 
high seedling mortality. Germination models have been used to predict the best timing for 
seeding using laboratory germination experiments and verification in the field. These 
models have demonstrated mixed results for best planting time for Artemisia tridentata 
(Richardson et al. 2018, Cline et al 2018a). However, for other sagebrush-associated 
species, early spring planting is predicted to result in higher germination rates (Cline et al 
2018a, Cline et al. 2018b, Richardson et al. 2018).  
Because of these contradictory results and general lack of knowledge, quantifying 
seed characteristics and germination habits of species with high restoration value is 
valuable information for land managers. Here, I characterize seed traits of seven species 
using seeds collected from multiple populations. I focus on seed mass, total germination, 
and timing of germination at four temperature regimes. I am particularly interested in the 
variability and timing of germination as a bet-hedging strategy that may be beneficial in 
restoration (Cochrane et al. 2015). I hypothesized that germination rates will reflect life 
history strategies of species. For example, species that germinate early in the season will 
germinate earlier and at higher rates in colder temperature regimes. I also hypothesized 
that no differences in germination rates will be observed among accessions of the same 
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species and that species with high plasticity will exhibit greater variability in germination 
rate and timing of germination. 
Methods 
Species Selection and Seed Traits 
I chose Achillea millefolia L., Artemisia tridentata Nutt. Spp. tridentata, 
Artemisia tridentata Nutt. Ssp. Parishii (A. Gray) H. M. Hall and Clem., Astragalus 
canadensis L., Chrysothamnus viscidiflorus (Hook.) Nutt., Ericameria nauseosa (Pall. Ex 
Pursh) G. L. Nesom and Baird, Eriogonum umbellatum Torr., Grindelia squarrosa 
(Pursh) Dunal as study species because they are commonly found throughout sagebrush 
habitat, are utilized by the threatened greater sage grouse, and are, therefore, often used 
as components of restoration seed mixtures (Wallestad and Eng 1975). For each species, I 
obtained between two and four seed accessions from the BLM Seeds of Success seed 



























G. squarrosa Global 39.245875 -119.80813 1529 
G. squarrosa Local 39.7757778 -105.22183 2009 
E. umbellatum Global 38.6505111 -119.61273 2569 
E. umbellatum California 37.978765 -118.80972 2693 
E. umbellatum Regional 39.6870278 -105.19736 1984 
E. umbellatum Local 39.7443333 -105.37422 2235 
A. canadensis Local 40.69675 -106.41022 2450 
A. canadensis Global 39.245 -119.805 1530 
E. nauseosa Local 41.9441167 -111.48084 2308 
E. nauseosa Regional 41.3386772 -107.38065 2260 
E. nauseosa Global 38.2467722 -119.20425 2060 
C. viscidiflorus Regional 41.9441167 -111.48084 2308 
C. viscidiflorus Local 41.3386772 -107.38065 2260 
C. viscidiflorus Global 38.2467722 -119.20425 2060 
A. tridentata Global 33.1883333 -116.53939 1140 
A. tridentata Regional 36.8233639 -107.50986 1962 
A. tridentata Local 41.0713653 -108.54159 2134 
A. millefolium Local 41.3730492 -107.32829 2304 
A. millefolium Regional 41.9497222 -113.34694 2066 
















Figure 5. Seed collection locations for local, regional, and global accessions of 
Astragalus canadensis.  
 
 










Figure 8. Seed collection locations for local, regional, global, and California accessions 








I used the Association of Official Seed Analysts (AOSA) species rules to find the 
optimal germination temperature regime and pretreatments for Artemisia tridentata, 
Ericameria nauseosa, Achillea millefolium, and Chrysothamnus viscidiflorus (AOSA 
2017). Eriogonum umbellatum and Grindelia squarrosa do not have official rules, so I 
used published unofficial rules (AOSA 2007). Astragalus canadensis did not have 
official or unofficial rules, so I referenced other species of Astragalus in the rules manual 
(AOSA 2017). 
I departed from the AOSA rules in several ways in order to create a germination 
environment that was more ecologically meaningful and would better reflect germination 
in the field. First, I chose a light/dark regime of 16 hours with the lights on and 8 hours 
with the lights off (Baskin and Baskin 2014). This departs from the lights on regime 
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suggested by the rules manual for most of the species. Additionally, I chose a substrate of 
¾ parts sand and ¼ part vermiculite to mimic soil, which departs from the blotter paper 
suggested in the rules (Baskin and Baskin 2014). I also used temperature regimes with a 
10°C change to represent daily temperature fluctuations (Baskin and Baskin 2014). I 
prepared three replicates of 50 seeds of each accession by cleaning them in a 10% bleach 
solution, rinsing them, and placing them on moist sand/vermiculite substrate in a 9-cm 
petri dish; Astragalus canadensis was scarified with fine grained sandpaper prior to this 
due to hard seed coats. The dishes were cold-stratified for 14 days at 4°C before being 
placed in the growth chamber. Seeds were kept in the growth chamber for 21 days, at 
temperature regimes of 10-20°C, 15-25°C, 20-30°C, and 23-33°C. The lights were kept 
on for 16 hours and off for 8 each day. Humidity was set to 70%. The number of seeds 
germinated were counted every day for the first five days and every two days thereafter. 
Germination was defined as the emergence of a radicle. I also quantified seed mass by 
weighing three sets of 100 seeds. 
Environmental Variables 
I used WorldClim data to characterize the climate of collection areas (Hijmans et 
al. 2005). Historical climatic data for monthly precipitation, mean temperature, maximum 
temperature, and minimum temperature were extrapolated from each location using 
ArcMap (ESRI 2011). The value for each variable was calculated for five ecologically 
significant seasons, which included winter (November-February), early spring (March 
and April), late spring (May and June), summer (July and August), and fall (September 
and October). One hundred year average precipitation values were added, and 
temperature values were averaged for each season. Temperature range (maximum-
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minimum) was calculated for each season. I used latitude, longitude, and elevation as 
additional variables. 
Statistical Analyses 
First, I checked the datasets for normality and equal variance. Since these 
assumptions were not met in every case, I transformed the data using several methods 
(Table 3). I used two-factor ANOVAs to test the effects of temperature, seed accession, 
and their interaction for each species. This process was used to assess whether there were 
differences in total germination or the number of days to achieve 75% of total 
germination. Tukey’s post hoc tests were applied to visualize differences in germination 
among treatments. Non-parametric Kruskall-Wallis tests were applied to the whole 
dataset to assess the effects of species and temperature regime on total germination, 
timing of germination, and the germination coefficient of variation among species. A 






Transformations Used for Germination Datasets that Did Not Meet Assumptions of 
Normality and/or Constant Variance 
 
Species Total Germination (%) 








Artemisia tridentata Log 
N/A- No variation in response 
variable 
 
Astragalus canadensis Arcsin 
Log 
 
Chrysothamnus visciflorus Square root 
Log 
 
Ericameria nauseosus Square root 
N/A- No variation in response 
variable 
 
Eriogonum umbellatum Log Log  
Grindelia squarrosa Log Log  
 
A Nonmetric Multidimensional Scaling (NMS) analysis was performed for 
climate data to visualize relationships. I overlaid seed trait data to assess whether climatic 
patterns were correlated with seed traits. Additionally, I used NMS to visualize 
relationship among accessions based on seed traits. A follow up Multiresponse 
Permutation Procedure (MRPP) was used to test whether seed traits were more similar 
within species than among species. This analysis was completed in PC-ORD Version 7 
(McCune and Mefford 2016). 
Results 
Germination Characteristics and  
Seed Mass 
The Kruskall-Wallis test performed on the entire dataset revealed a significant 
effect of species and temperature on total germination (Figure 10). Post hoc tests revealed 
that Achillea millefolium, Artemisia tridentata, and Ericameria nauseosa had 
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significantly higher germination rates compared to all other species, averaging 73%, 
61%, and 61%, respectively (Figure 10). Chrysothamnus viscidiflorus and Eriogonum 
umbellatum had significantly lower germination rates, with averages of 47% and 45%, 
respectively. Astragalus canadensis and Grindelia squarrosa had the lowest germination 
rates at 27% and 24%, respectively.  
 
Figure 10. Results of Kruskall-Wallis test. Left shows average total germination (%) by 
species (Achillea millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus 
canadensis (ASCA), Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa 
(ERNA), Eriogonum umbellatum (ERUM), and Grindelia squarrosa (GRSQ)) with 95% 
confidence intervals. Right shows average total germination (%) of pooled species 
(Achillea millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus canadensis 
(ASCA), Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), 
Eriogonum umbellatum (ERUM), and Grindelia squarrosa (GRSQ)) in each temperature 
regime with 95% confidence intervals. 
 
Colder temperature regimes resulted in higher total germination, with the two 
warmest regimes causing significantly lower germination than the 10-20°C regime 
(Figure 10). These results suggest that sagebrush-associated species germinate at higher 
rates in colder temperatures. 
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When I pooled the coefficient of variation (CV) for all replicates of the same 
accession and temperature regime of all species, I found that germination variability was 
meaningfully higher at the 20-30°C temperature regime compared to the 10-20°C regime 
(Figure 11). At 10-20°C, germination is consistently high. At intermediate temperature 
regimes (20-30°C), germination is more variable. At the warmest temperature regime, a 
smaller proportion of seeds consistently germinated, which reduced variability. I did not 
find statistically significant differences in coefficient of variation among species or 
interactions between temperature and species. 
 
Figure 11. Coefficient of variation (CV) in germination total and temperature regime for 
each species. Germination total is illustrated on the left and temperature regime is 
illustrated on the right for each species (Achillea millefolium [ACMI], Artemisia 
tridentata [ARTR], Astragalus canadensis [ASCA], Chrysothamnus viscidiflorus 
[CHVI], Ericameria nauseosa [ERNA], Eriogonum umbellatum [ERUM], and Grindelia 




There was a meaningful effect of temperature regime and accession on total 
germination for every species with the exception Astragalus canadensis. Astragalus 
canadensis had a significant impact of accession (F = 16.702, P = 0.0015), but not 
temperature (F = 4.635, P = 0.2248) (Table 4). I found a significant downward trend in 
total germination as temperature regimes increased (Figure 10, Figure 12). This was true 
in all cases except for Astragalus canadensis and Grindelia squarrosa. Grindelia 
squarrosa exhibited a U-shaped distribution in total germination, in which total 
germination was highest at the coldest (10-20°C) and warmest (23-33°C) temperature 
regimes (Figure 12). Germination for Grindelia squarrosa was lower at intermediate 
temperatures (F = 11.196, P = 0.0001). There was an interaction between temperature and 
accession for Eriogonum umbellatum (F = 2.66, P = 0.0271) (Table 4, Figure 13). The 
regional accession of this species appeared to have very little to no change in total 
germination among temperature regimes (Figure 13). On the other hand, all other 
accessions had low germination rates at 10-20°C, higher rates at 15-25°C, and very low 





ANOVA Table for Species Dataset for Total Germination and Days to 75% of 
Germination 
Species Variable Factor F P > F 
 
Achillea millefolium Seed mass Accession 3.425 0.102 
 Total germination Accession 
Temp Regime 



















Artemisia tridentata Seed mass Accession 23.54 .0014** 
 Total germination Accession 
Temp Regime 











Acc * TR 
 
*No variation in 
response variable 
N/A 
Astragalus canadensis Seed mass Accession 453.6 <0.0000*** 
 Total germination Accession 
Temp Regime 



















Chrysothamnus viscidiflorus Seed mass Accession 22.97 0.0015** 
 Total germination Accession 
Temp Regime 



















Ericameria nauseosa Seed mass Accession 369.1 <0.0000*** 
 Total germination Accession 
Temp Regime 











Acc * TR 
 
*No variation in 
response variable 
N/A 
Eriogonum umbellatum Seed mass Accession 62.57 0.0000*** 
 Total germination Accession 
Temp Regime 



















Grindelia squarrosa Seed mass Accession 9.441 0.014* 
 Total germination Accession 
Temp Regime 


















Note. Factors in bold indicate significant effect; * = 0.05 level of significance, ** = 0.001 level of significance, *** = 0.00001 level of 




Figure 12. Untransformed values for average total germination (with 95% confidence 
intervals) by accession. This germination is illustrated for each species (Achillea 
millefolium [ACMI], Artemisia tridentata [ARTR], Astragalus canadensis [ASCA], 
Chrysothamnus viscidiflorus [CHVI], Ericameria nauseosa [ERNA], Eriogonum 





Figure 13. Untransformed values for average total germination (with 95% confidence 
intervals) and by temperature regime for each species. Species included Achillea 
millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus canadensis (ASCA), 
Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), Eriogonum 





Figure 14. Interaction plot for total germination of each accession of Eriogonum 
umbellatum at each temperature regime with 95% confidence intervals. 
 
 
In order to compare germination rates among species, accession, and temperature 
regimes, I recorded the number of days it took for each replicate to achieve 75% of total 
germination. The Kruskall-Wallis test showed a significant effect of species, but not 
temperature (Figure 15xx). Ericameria nauseosa and Artemisia tridentata exhibited very 
little variation in the response variable, invariably reaching 75% of total germination 
within the first week of the study (Figure 14xx). All other species reached 75% of total 
germination later (8-17 days) (Figure 15xx). Grindelia squarrosa, for example, was the 





Figure 15xx: Mean number of days to reach 75% of total germination and temperature 
regime (with 95% confidence intervals) for each species. Species included Achillea 
millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus canadensis (ASCA), 
Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), Eriogonum 
umbellatum (ERUM), and Grindelia squarrosa (GRSQ).  
 
There was no meaningful effect of temperature on the coefficient of variation of 
the rate of germination (Figure 16xx). However, there was a significant effect of species 
on the coefficient of variation (Figure 16xx). Tukey’s post hoc test revealed Eriogonum 
umbellatum had a significantly higher CV than Ericameria nauseosa. However, no other 





Figure 16xx. Mean coefficient of variation (CV) for germination rate and temperature 
regime with 95% confidence intervals by species. Species included Achillea millefolium 
(ACMI), Artemisia tridentata (ARTR), Astragalus canadensis (ASCA), Chrysothamnus 
viscidiflorus (CHVI), Ericameria nauseosa (ERNA), Eriogonum umbellatum (ERUM), 
and Grindelia squarrosa (GRSQ). 
 
I was not able to perform ANOVA analyses on species datasets for Artemisia 
tridentata and Ericameria nauseosa due to a lack of variation in the timing of 
germination (Table 4). ANOVAs for the remaining five species showed a significant 
effect of temperature for all species, with the exception of Eriogonum umbellatum. 
Astragalus canadensis had a significant effect of accession, with the global accession 
consistently achieving 75% of total germination, on average, six days earlier than the 
local accession (Figure 17xx). Additionally, Chrysothamnus viscidiflorus had a 
significant interaction between temperature regime and accession (Table 4, Figure 18xx). 
In this case, the global accession achieved 75% of total germination before local and 
regional accessions in all temperature regimes. The regional and local accessions, on the 
other hand, reached 75% of total germination fastest in the coolest and warmest 
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Figure 17xx. Untransformed values for average days to reach 75% of germination (with 
95% confidence intervals) by accession for each species. Species include Achillea 
millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus canadensis (ASCA), 
Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), Eriogonum 





Figure 18xx. Untransformed values for average days to reach 75% of germination (with 
95% confidence intervals) by temperature regime for each species. Species included 
Achillea millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus canadensis 
(ASCA), Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), 




Figure 19xx. Interaction plot for all accessions of Chrysothamnus viscidiflorus at all 
temperature regimes. 
 
There were significant intraspecific differences in dry seed mass for all species, 
with the exception of Achillea millefolium (Table 4 and Figure 19xx). Astragalus 
canadensis, in particular, had a notably large difference among populations, with the 





Figure 20xx. Average dry seed mass (with 95% confidence intervals) for each accession 
by species. Species designation: A) Achillea millefolium, B) Artemisia tridentata, C) 
Astragalus canadensis, D) Chrysothamnus viscidiflorus, E) Ericamera nauseosa, F) 






I used NMS analysis to visualize differences among accession collection locations 
(Figure 20xx). The data were relativized by column total. I used Euclidian distances with 
200 runs and 0.2 step lengths. Two axes were chosen to minimize stress, which flattened 
at 57 iterations at 5.86. Measures of metric fit, linear fit, and nonlinear fit were 0.9966, 
0.9865, and 0.9643, indicating that this test was appropriate. Final association was 
calculated at 0.5904. A 0 in this measure indicates random expectation and 1 a perfect fit. 
I rotated the ordination -55 degrees to facilitate interpretation. Axes 1 and 2 explain 
57.6% and 38.9% of the variance, respectively. Axis 1 correlates with changes in 
precipitation values (Figure 21xx). It is negatively correlated with winter precipitation (r2 
= 0.412) and positively correlated with late spring, summer, and fall precipitation (r2 = 
0.781, 0.712, and r2 = 0.577). Axis 2 correlated with a temperature gradient, with warmer 
climates located lower in the ordination (R2 for winter, 0.83; early spring, 0.95; late 
spring, 0.91; summer, 0.87; and fall, 0.95). The global accessions clearly separate along 
Axis 1 on the left side of the ordination space, indicating that these accessions were 
collected in areas with higher winter precipitation and lower spring, summer, and fall 
precipitation. The local and regional accessions have higher spring and summer 




Figure 21xx. Nonmetric multidimensional scaling (NMS) analysis of 12 climatic 
variables for each accession collection location. Axis 1 is positively correlated with 
summer and late spring precipitation (r2 = .58 and .574, respectively). Axis 1 is also 






Figure 22xx. Heat map overlaid on NMS ordination (temperature). Top row (left to right) 
shows heat maps for winter, early spring, and late spring mean temperatures. Bottom row 
(left to right) shows summer and fall temperature averages. Global accessions are 





Figure 23xx. Heat map overlaid on NMS ordination (precipitation). Top row (left to 
right) shows heat maps for winter, early spring, and late spring mean precipitation. 
Bottom row (left to right) shows summer and fall precipitation averages. Global 
accessions are denoted by green dots, regional by blue, and local by yellow. 
 
When I overlaid seed trait values, I found no strong associations between climate 
and traits. The results suggest that the climatic variables I chose should not be used to 
assess variability in seeds traits. More specific information will be necessary to 
understand underlying causes of variability.  
Additionally, I used NMS ordination to assess variability in germination traits for 
each accession. Seed mass, total germination for four temperature regimes, and days to 
75% germination for each temperature regime were used as response variables. I used 
Euclidian distances with 200 runs and 0.2 step length. Two axes were chosen to minimize 
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stress, which flattened at 85 iterations at 8.8498. Measure of nonmetric, linear, and metric 
fit were 0.9922, 0.9553, and 0.9339. Our Association value was 0.4866. Axis 1 explained 
62.5% of the variation, and Axis 2 explained 30.8% of the variation. A follow-up multi-
response permutation procedure (MRPP) showed that traits were more similar within 
species than among species (A = 0.3401 and P < 0.0000). However, from the ordination, 
I can see that some accessions contain traits that are more closely associated with 
accessions of different species (Figure xx). For example, the global accession of 
Chrysothamnus viscidiflorus is more closely associated to the accessions of Ericameria 
nauseosa than other accessions of the same species. Additionally, some species cluster 





Figure 24xx. Nonmetric multidimensional scaling ordination of all germination traits for 
each accession of each species. 
Discussion 
Seed mass and germination patterns are traits directly related to colonization 
ability and plant fitness and, therefore, are important traits to consider for ecological 
restoration (Zhang et al. 2018). In particular, understanding intraspecific variability in 
seeds traits has been suggested as a vital factor in predicting future forecasts of range 
distributions of species in a changing climate (Cochrane et al. 2015). Further, an 
understanding of among-population variability in seed traits can help restoration 
practitioners identify the most appropriate seed stock for restoration (Cochrane et al. 




I hypothesized that seeds of sagebrush-associated species would germinate earlier 
and at higher rates in cooler temperatures, reflecting life history strategies employed by 
sagebrush associated species. Additionally, I hypothesized that seeds would exhibit 
interspecific variation in seed traits, but seeds of the same species collected from different 
areas would not have significant differences in seed traits. I found significant differences 
in total germination among species and among accessions of the same species. 
Differences in germination among species have been linked to life history characteristics. 
For example, Zhang et al. (2018) found that early successional seeds tend to have lower 
seed mass and total germination. Grindelia squarrosa and Eriogonum umbellatum 
express traits that are consistent with early successional species in sagebrush habitat, 
having low germination rates. On the other hand, late seral shrubs like Artemisia 
tridentata and Ericameria nauseosa had much higher germination rates.  
Differences in germination among accessions of the same species (Artemisia 
tridentata, Grindelia squarrosa, Astragalus canadensis, Ericameria nauseosa, 
Chrysothamnus viscidiflorus, and Eriogonum umbellatum) could be due to several factors 
such as differences in seed collection, processing, and storage, as they were collected by 
different Seeds of Success collection teams at different times. However, due to 
standardized collection protocols, these factors should not have impacted germination 
traits (BLM 2015b). Other possibilities include local adaptation, as some species have 
been demonstrated to vary across environmental gradients (Sales et al. 2013). In other 
species, variation has been attributed to plastic responses to nutrient availability or other 
environmental conditions prior to seed maturation (Dewan et al. 2018).  
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Variability in germination among populations has been described previously in 
Artemisia tridentata and Ericameria nauseosa due to differences in dormancy strength as 
a result of local adaptation (McCarther et al. 1987, Meyer et al. 1990, Meyer and Monsen 
1991). Seeds collected from higher elevation and cooler areas tend to have higher seed 
dormancy, which results in lower germination rates (McCarther et al. 1987, Meyer et al. 
1990, Meyer and Monsen 1991). Differences in germination rates among populations of 
Grindelia squarrosa, Astragalus canadensis, and Eriogonum umbellatum have not been 
assessed previously. However, these results suggest that germination may vary 
considerably among populations.  
This NMS analysis showed climatic differences in accession collection location--
namely, global accessions--tended to be collected in areas that had more winter 
precipitation and less spring and summer precipitation compared to regional and local 
accessions. However, the traits overlay did not show any convincing correlations with 
seed traits. One way we may better understand patterns in seed and germination traits is 
by collecting more site-specific data during seed collection. Topographic, soil, and 
weather data may help elucidate widescale patterns in seed traits. 
I observed a consistent effect of temperature on total germination, with most 
species exhibiting higher germination rates at cooler temperatures. Astragalus canadensis 
was the exception, which could be a result of inconsistent scarification. The scarification 
methods used in this study may not have broken physical dormancy in all seeds. In the 
future, scarification methods that result in breaking dormancy in each seed, such as 
individually chipping the seed coat on the distal part of the cotyledon, could be used to 
understand the effects of temperature on germination of this species. Additionally, since 
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the method of scarification I used to break dormancy is a common practice for seeds used 
in restoration, practitioners should consider whether this is adequate to yield desired 
seedling densities in the field. 
Grindelia squarrosa had high germination rates at the 10-20°C and 23-33°C 
temperature regimes, confirming McDonough’s (1975) report of a germination 
polymorphism. This pattern occurred in all accessions of this species, indicating that this 
trait is widespread. McDonough (1975) hypothesized that this trait is a bet-hedging 
strategy that results in some achenes germinating early in the season, when water 
availability from snowmelt is high, and some later in the season from rainfall events 
(McDonough 1975). Having two periods of germination ensures that seedlings 
experience multiple germination periods in a growing season. For example, if early 
season seedlings experience a cold snap and do not survive, seeds may still germinate and 
establish in the same year. This seed polymorphism could be a desirable trait to include in 
restoration seed mixtures, as it may increase the chances of some individuals establishing. 
Grindelia squarrosa is an herbaceous plant with a ruderal life history and, 
therefore, is well adapted to establishment on disturbed sites. Including higher densities 
of ruderal species in seed mixes for sagebrush habitat has been considered as a way to set 
a trajectory to fully functional sagebrush ecosystems (Busby et al. 2011). Ruderal species 
have been demonstrated to be better competitors to annual grasses than late seral species 
(Busby et al. 2011). Additionally, early successional native forbs have highly variable 
relationships with soil microorganisms, which may facilitate the establishment of late 
seral shrubs (Busby et al. 2011). Bromus tectorum, on the other hand, has been 
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demonstrated to develop associations with soil microorganisms that result in the 
inhibition of sagebrush root growth (Dierks et al. 2019). 
This regional accession of Eriogonum umbellatum exhibited an interaction effect 
of temperature and accession (Table 4). This is a result of the germination behavior of the 
regional accession, which has high germination rates in all temperature regimes (Figure 
13xx). This contrasts with the three other accessions, which have lower germination rates 
in warmer temperature regimes. The regional population could have a high degree of 
plasticity, in which it may germinate in multiple temperature scenarios. This may be an 
attractive trait for restoration. However, it is also important to consider whether this trait 
is connected to high establishment in restoration. If seeds germinate at inhospitable times 
with little variation in timing of germination, they may be at high risk of mortality. 
I found that temperature also affects timing of germination. Higher temperatures 
resulted in seeds reaching 75% of total germination in fewer days, even though total 
germination was lower. However, I did not see an effect of temperature on the coefficient 
of variation, suggesting that changes in temperature, such as those that may be associated 
with global climate change, may not play a large role in altering variability of the timing 
of germination. Species with less variability, such as Ericameria nauseosa and Artemisia 
tridentata, however, may suffer more from temperature changes (Cochrane et al. 2015). 
Further, some populations of Chrysothamnus viscidiflorus may perform better than 
others, since this study’s global accession had similar timing of germination to Artemisia 
tridentata and Ericameria nauseosa. These plants appear to have low plasticity in the 
timing of germination and, therefore, it may be important to source and use genetically 




In conclusion, I found significant interspecific differences in seed and 
germination traits which are associated with differences in species’ natural history 
strategies. I could not explain intraspecific differences in seed and germination traits 
using broad climatic variables. We are lacking more specific information that may 
elucidate how climate, nutrient availability, and plasticity impact these traits. Obtaining 
more specific information during seed collection could be used to help restoration 
practitioners choose the most appropriate seed stock to maximize restoration potential. 
Additionally, these results suggest that it may be important to use locally adapted seed 
accessions in Artemisia tridentata and Ericameria nauseosa compared to other species 
due to lack of plasticity in timing of germination. This understanding can aid land 












COMMON SAGEBRUSH-ASSOCIATED SPECIES 
EXHIBIT LARGE FUNCTIONALTRAIT 





Big sagebrush habitats are widespread in the western United States and provide 
many important ecological services. However, due to development and land management 
practices, sagebrush ecosystems have experienced extensive degradation. Ecological 
restoration is a tool that can restore damaged ecosystems, but sagebrush habitat 
restoration projects often yield poor results. I explored the potential use of functional 
traits as a tool for setting restoration goals and selecting appropriate species and 
accessions of species for use in restoration. In particular, I focused on the plasticity of 
leaf functional traits related to various habitats within one population. I hypothesized that 
a large amount of variation in functional traits would be attributed to differences in 
habitat type. However, the data did not support this hypothesis. Most variation was 
attributed to within plots, probably due to variety of microhabitats. In conclusion, I found 
that the species measured occupy large trait spaces, exhibiting a large ability to respond 
to the environment. Larger implications of this research included: (a) intraspecific 
variability of sagebrush-associated species should be incorporated into ecosystem change 
models; and (b) traits directly related to germination and seedling establishment may be 




Big sagebrush (Artemisia tridentata Nutt.) plant communities are widespread in 
the western United States and have experienced extensive degradation due to altered 
disturbance regimes and changes associated with human land use (Miller et al. 2011). Big 
sagebrush plant communities provide essential ecosystem services, which include habitat 
for over 300 sagebrush obligate species (Connelly et al. 2011). Among these, the greater 
sage grouse (Centrocercus urophasianus) is a species of high conservation concern 
(Connelly et al. 2011). Sagebrush habitats have experienced a 45% range decline due to 
many factors (Miller et al. 2011). Notably, invasion of nonnative annual grasses such as 
cheatgrass (Bromus tectorum) alter ecosystem structure, resulting in historically large and 
intense fires, after which native plant communities cannot regenerate (Still and 
Richardson 2015, Swanson et al. 2018, Young and Evans 1989). After such fires, active 
restoration is necessary to re-establish native plant communities (Clewell and Aronson 
2013). Sagebrush restoration efforts can be costly and have low success rates, often with 
just 5-10% of plants establishing (James et al. 2011, Williams et al. 2002). I explored the 
potential use of intraspecific trait plasticity in four sagebrush-associated species to 
improve restoration goals as a mean for improving chances of restoration success. 
Defining appropriate goals for revegetation is a challenging step in the restoration 
planning process. Restoration practitioners most commonly attempt to restore an 
ecosystem to a historic condition by re-establishing historic vegetation communities and 
disturbance regimes (Hobbs 2007). While this is ideal, this is not always achievable. In 
many ecosystems historical reference conditions are not well defined. This has been 
demonstrated in sagebrush ecosystems, where generalized management recommendations 
66 
 
are inappropriate because they do not take environmental variability into account (Davies 
and Bates 2010). Additionally, projected environmental conditions may not be 
appropriate to support historic plant communities. Climate change scenarios for areas 
where sagebrush occurs predict an increase in temperature and atmospheric carbon 
dioxide content as well as an increased frequency of severe weather events (Miller et al. 
2011). These changes are expected to exacerbate plant community-altering disturbances, 
such as severe fire and cheatgrass invasion, and result in further loss of sagebrush habitat 
(Davies et al. 2012, Miller et al. 2011, Swanson et al. 2018, Zouhar 2003).  
Severe, multiple disturbances as well as changes associated with climate change 
may warrant restoration goals that depart from historical communities in favor of species 
assemblages with traits that will restore ecosystem function and be resilient to 
environmental change (Hobbs 2007). The use of functional traits has been proposed as a 
means for setting goals for restoration and choosing species assemblages for revegetation 
(Laughlin 2014). Plant functional traits are physical or physiological traits that either 
indirectly or directly impact plant fitness. These traits capture quantitative ecological 
tradeoffs in productivity, water use efficiency, and other factors (Wright et al. 2004). 
Plant functional traits have been demonstrated to vary across species and within species. 
Within-species variation has been attributed to local adaptation, local spatial resource 
heterogeneity, and across ecological gradients. The combinations of traits present in 
specific ecological conditions are generally considered optimal for those conditions, and 
this can serve as a metric or goal for ecological restoration (Helson et al. 2017, 
Munbergova et al. 2017, Violle et al. 2007).  
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One criticism of a functional approach to community ecology is that most 
analyses do not take intraspecific trait plasticity into account. Much of the literature in 
functional ecology has focused on interspecific trait variation by averaging trait values at 
the species level. Recently, there has been more interest in intraspecific functional 
variability (Shipley et al. 2016, Violle et al. 2012). This has raised questions about when 
and at what scales it is appropriate to use average values in analyses, and when it may be 
misleading. Using average trait values may be an oversimplification, particularly in 
species with large phenotypic variability. For example, incorporating phenotypic 
plasticity into analyses has improved predictions of global change impacts on ecosystem 
processes (Wardle et al. 2009). Wardle et al. (2009) found that some ecological functions, 
particularly decomposition rates, were impacted by intraspecific differences in nutrients 
in plant leaves. 
Studies have shown that in some cases, particularly in harsh ecosystems with low 
species diversity, intraspecific trait variability can be higher than interspecific plant 
variability (Kazakou et al. 2014, Kichenin et al. 2013, Kumordzi et al. 2014). In such 
ecosystems, it has been suggested that reduced competition among species has allowed 
individuals of the same species to occupy larger trait spaces (Violle et al. 2012). Since 
sagebrush habitat tends to have low species diversity and the species that make up these 
communities inhabit a wide ecological range, they may have a high degree of plasticity, 
and averaging trait values may be inappropriate. Additionally, different traits may 
express differing degrees of plasticity, depending on selection pressures in the 
ecosystems and related to natural history strategies (Albert et al. 2010). A deeper 
understanding of functional trait plasticity in sagebrush-associated plants could be used to 
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improve predictive models and help land managers choose species and populations of 
species with traits that will improve restoration success.  
I used a functional trait approach to assess phenotypic plasticity in four plant 
species common in big sagebrush habitat (Artemisia tridentata Nutt. ssp. wyomingensis 
Beetle and Young, Eriogonum umbellatum Torr., Gutierrezia sarothrae (Pursh) Britton 
and Rusby, Symphoricarpos rotundifolius A. Gray) on a local scale. Quantifying traits of 
common species in sagebrush habitat will contribute to what we know about the trait 
spaces these species inhabit and, subsequently, can inform restoration efforts. 
Additionally, by surveying plants in different habitats within one population, I could 
assess the degree of intraspecific plasticity expressed in response to environmental 
factors. Mitchell et al. (2016) found that water availability is the driving factor in 
community composition in sagebrush-dominated ecosystems. Therefore, I chose to 
survey leaf traits related to productivity and drought tolerance in habitats with differing 
soil moisture content. Habitats chosen included north-facing, south-facing, ridge, and 
lowland areas. I hypothesized that trait variability attributed to habitat type would be 
larger than trait variability attributed among plots, which will, in turn, be larger than 
within-plot trait variation (microhabitat variability). Additionally, I expected differences 
in trait values among species to be greater than within species. With this, I quantified 
functional traits of species with high restoration value and the amount of plasticity they 
express at a local scale. 
Previous analyses of intraspecific variation in Artemisia tridentata has revealed 
differences in drought and frost tolerance among subspecies and cytotypes, which has 
been demonstrated to impact successful plant establishment in ecological restoration 
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(Brabec et al. 2017). However, plasticity in traits within subspecies and populations has 
not been explored to the same extent. Variability in trait values has not previously been 
explored in Eriogonum umbellatum, Gutierrezia sarothrae, or Symphoricarpos 
rotundifolius. Understanding the degree of plasticity these species express will allow us 
to better assess their ability to respond to environmental change and their suitability for 
restoration projects. 
Methods 
Field Sampling and Trait  
Calculation 
To assess functional trait variability of species found in sagebrush habitat at a 
local scale, I surveyed leaf traits near Kremmling, Colorado. I chose 12 0.1 hectare plots 
at four habitat types (north-facing, south-facing, ridge, and valley/lowland). I conducted 
vegetation surveys using the North Carolina Survey Method and quantified soil moisture 
content (Peet et al. 1998). Using a Li-Cor 6400xt, I surveyed leaf saturated 
photosynthetic rate for four species found at multiple sites (Artemisia tridentata spp. 
wyomingensis, Eriogonum umbellatum, Gutierrezia sarothrae, and Symphoricarpos 
rotundifolius). Photosynthetic data included photosynthetic assimilation (Photo), 
intercellular carbon dioxide (CI), and water use efficiency (WUE).  
Leaves measured were harvested and photographed using imagej software to 
correct photosynthesis measurements with leaf area (Schneider et al. 2012). The fresh and 
dried masses of all leaves were measured to calculate specific leaf area and leaf dry 
matter content. Leaf traits calculated were leaf area (LA), leaf dry matter content 
(LDMC), and specific leaf area (SLA). Leaf area is the area of a leaf expressed in cm2. 
This trait is related to stress tolerance, as species that occur in water-stressed habitats tend 
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to have small leaf area (with low surface area to volume relationship) to decrease 
exchange with the environment. Leaf dry matter content is the ratio of dry weight to fresh 
weight of a plant leaf. This is a measure of leaf investment in structural integrity and 
turgidity. High ratios are an indication of a large investment in structural integrity. 
Leaves with high structural investment tend to have low productivity and a long lifespan 
(long return on investment) (Cornelissen et al. 2003, Wright et al. 2004). High ratios are 
often associated with stress tolerator or competitive species. On the other end of the 
spectrum, plants with low ratios invest in photosynthetic machinery. These leaves have 
high productivity and short lifespans, since their structural integrity is low. Specific leaf 
area is dry mass investment per unit of light intercepting area. This trait also relates to 
structural investment in leaves and incorporates the size of the leaf. 
Statistical Analysis 
First, the data were tested for normality, constant variance, and multicollinearity. I 
log-transformed variables that did not meet these assumptions. For intraspecific analyses, 
I used MANOVA to determine the amount of trait variation attributed to three scales: 
microhabitat variability (within plot), within-habitat variability (among plot of the same 
habitat), and between-habitat variability. Plots were nested within habitat in this model. 
Weighted means were used to correct for unequal sample sizes, and Type III error was 
used for variance decomposition. I also used a MANOVA to analyze trait variability 
among and within species using the whole dataset. Analyses were performed in R version 
3.5.1 (R Core Team 2018). MANOVAs were followed with ANOVAs and Tukey’s post 






Soil moisture in south-facing and ridge sites were significantly lower than north-
facing sites (Figure 23). However, valley habitats had larger variability in soil moisture 
content and were not significantly higher than south-facing and ridge sites, as expected 
(Figure 25). However, valley habitats did have the highest values in shrub cover (and 
lowest in bare ground) (Table 5). High shrub cover could contribute to the variability in 
soil moisture were observed. 
 
 
Figure 25. Average soil moisture content with 95% confidence intervals in plots of four 











































North N2 19 65 21 50 1 20  0 
North N3 15 58 15 40 0.3  2 1 
Ridge R1 20 65 19 50  1 5 5 
Ridge R2 40 45 15 15 1.5  7 1.5 
Ridge R3 15 35 30 35  1 7 5 
South S1 45 35 30 20 1.5  20 0 
South S2 28 56 14 50 1 0.5 2 
South S3 50 30 25 30 1 5 0.5  
Valley V1 10 80 20 80 0 0.5 1.5  
Valley V2 30 63 7 65 0 1.2  1 
Valley V3 20 65 15 60 0 0.5 1 
Note. Additionally, cover (%) of each species surveyed on BLM land near Kremmling, Colorado. 
 
Interspecific Trait Variation 
The MANOVA resulted in significant effects of species, slope position, plot, and 
interactions between species and slope position (Table 6). Variance decomposition for 
WUE attributed most of the variation (about 80%) to microhabitats within plots (Figure 
26). Differences among species accounted for less than 10% of total variation (Figure 
26). Intercellular CO2 and LDMC had similar results with the largest portion of variation 
within plots (Figure 24). Photosynthetic rate and leaf area, on the other hand, had large 
differences among species, with very little variation attributed to any other factor (Figure 
26). About 55% of the variation in SLA was attributed to species, while about 45% was 
within plots (Figure 1). In all traits, only very small amounts of variation were attributed 




















Habitat 12.48 <0.0000*** 
 
Habitat (plot) 4.633 <0.0000*** 
 
Species* habitat (plot) 3.823 <0.0000*** 
 
Water use efficiency species 8.3792 <0.0000*** 
 
Habitat 2.8927 0.03558* 
 
Species* habitat (plot) 5.3773 <0.0000*** 
 
Photosynthetic rate species 1920.176 <0.0000*** 
 
Habitat 18.251 <0.0000*** 
 
Species* habitat (plot) 2.9802 0.0031** 
 
Intercellular CO2 species 18.973 <0.0000*** 
 
Habitat 17.169 <0.0000*** 
 
Species* habitat (plot) 4.252 <0.0000*** 
 
Specific leaf area species 125.2009 <0.0000*** 
 
Habitat 3.5936 0.0140* 
 
Species* habitat (plot) 1.4184 0.1880 
 
Leaf dry matter content species 9.394 <0.0000*** 
 
Habitat 10.2081 <0.0000*** 
 
Species* habitat (plot) 6.9702 <0.0000*** 
 
Leaf area species 650.3671 <0.0000*** 
 
Habitat 8.5557 <0.0000*** 
 
Species* habitat (plot) 1.4866 0.1613 
 
Note. Results includes water use efficiency, photosynthetic rate, intercellular CO2, specific leaf area, leaf dry matter content, and leaf 
area). Trait data were collected from four species (Artemisia tridentata, Eriogonum umbellatum, Gutierrezia sarothrae, and 
Symphoricarpos rotundifolius) on plots on BLM land north of Kremmling, Colorado. Plots were nested within habitat, as three plots 
from each habitat were sampled. Habitats included south-facing, ridgetop, north-facing, and valley.  






Figure 26. Variance decomposition of traits for pooled species datasets. Species included 
Artemisia tridentata, Eriogonum umbellatum, Gutierrezia sarothrae, and Symphoricarpos 
rotundifolius. Type III sum of squares were used to find proportions of variation 
attributed to four levels (Species, Habitat, Plot, and residuals were treated as variation 
within plot). Trait data were taken on plots on BLM land north of Kremmling, Colorado. 
Plots were nested within habitat, as three plots from each habitat were sampled. Habitats 
included south-facing, ridgetop, north-facing, and valley. Traits included water use 
efficiency (WUE), light saturated photosynthetic rate (Photo), intercellular CO2 (CI), 
specific leaf area (SLA), leaf dry matter content (LDMC), and leaf area (LA).  
 
Leaf area, LDMC, Intercellular CO2, photosynthetic rate, and WUE exhibited 
interactions between species and slope position (Table 6; Figures 25, 26, 27, and 28). 
Photosynthetic rate for all species tends to be lowest in south-facing sites, with the 
exception of Gutierrezia sarothrae (Figure 25). Water use efficiency for Gutierrezia 
sarothrae also differs from other species, as it is lowest in ridge sites (Figure 26). Other 
species had high WUE in ridge sites. Intercellular CO2 content varied among habitats for 
every species except Symphoricarpos rotundifolius. Intercellular CO2 was low at all 






























Figure 27. Interaction plot for photosynthesis using back transformed data. Data were 
collected from plots on BLM land north of Kremmling, Colorado. 
 
 
Figure 28. Interaction plot for water use efficiency using back transformed data. Data 




Figure 29. Interaction plot for leaf dry matter content using back transformed data. Data 
were collected from plots on BLM land north of Kremmling, Colorado. 
 
 
Figure 30. Interaction plot for intercellular CO2 using back transformed data. Data were 
collected from plots on BLM land north of Kremmling, Colorado. 
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A large amount of variation in photosynthesis, SLAspecific, and LA was 
attributed to differences among species. Gutierrezia sarothrae, Symphoricarpos 
rotundifolius, and Artemisia tridentata spp. wyomingensis had significantly higher 
photosynthetic rates per unit compared to Eriogonum umbellatum (Figures 24 and 29). 
Specific leaf area was also lowest in Eriogonum umbellatum, followed by A. tridentata 
spp. wyomingensis (Figure 29). Gutierrezia sarothrae and Symphoricarpos rotundifolius 
had the highest values in this trait (Figure 29). Gutierrezia sarothrae and A. tridentata 
spp. wyomingensis had significantly smaller LA compared to Eriogonum umbellatum and 
Symphoricarpos rotundifolius (Figure 29). 
 
 
Figure 31. Mean value for photosynthesis (Photo), specific leaf area (SLA), and leaf area 
(LA) with 95% confidence intervals. Data for Artemisia tridentata spp. wyomingensis 
(ARTR), Eriogonum umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and 
Symphoricarpos rotundifolius (SYRO). Data were collected from plots on BLM land 





Intraspecific Trait Variation 
Results of MANOVAs revealed a significant effect of slope position and plot for 
every species (Table 6). However, for most species/trait combinations, the largest amount 
of variation was attributed to residuals (within plot) (Figure 30). Major exceptions to this 
were LDMC and photosynthetic rate in E. umbellatum, which had large intraspecific 
differences attributed to habitat types position. On the other hand, habitat types position 
had no (or very little effect) on LDMC of A. tridentata, G. sarothrae, and S. rotundifolius 






Figure 32. Intraspecific trait decomposition. Data for Artemisia tridentata spp. 
wyomingensis, Eriogonum umbellatum, Gutierrezia sarothrae, and Symphoricarpos 
rotundifolius.Traits included Water use efficiency (WUE), light saturated photosynthetic 
rate (photo), intercellular CO2 (CI), specific leaf area (SLA), leaf area (LA), and leaf dry 
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Note. Includes water use efficiency, photosynthetic rate, intercellular CO2, specific leaf area, leaf dry matter content, and leaf area)  
Trait data were collected from four species (Artemisia tridentata, Eriogonum umbellatum, Gutierrezia sarothrae, and Symphoricarpos 
rotundifolius) on plots on BLM land north of Kremmling, Colorado. Plots were nested within habitat, as three plots from each habitat 
were sampled. Habitats included south-facing, ridgetop, north-facing, and valley. Asterisks denote significance level. 
 
There was a significant impact of habitat types position on photosynthetic rate for 
all species surveyed (Table 7, Figure 31). I expected north-facing and valley sites to have 
more water availability and, therefore, higher photosynthetic rates. This was true for A. 
tridentata and E. umbellatum (Figure 31). Gutierrezia sarothrae had low north-facing 
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Figure 33. Average back transformed photosynthetic rate (Photo) with 95% confidence 
intervals for four habitat types. Data for Artemisia tridentata spp. wyomingensis (ARTR), 
Eriogonum umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and Symphoricarpos 
rotundifolius (SYRO). Data were collected from plots on BLM land north of Kremmling, 
Colorado. 
 
All species, with the exception of Eriogonum umbellatum, expressed plasticity in 
WUE in response to microhabitat (Figure 28). Species tended to have higher WUE in 
drier environments (Figure 29). Additionally, all species expressed an effect of habitat 
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types on intercellular CO2 (Figure 30). Habitat type only impacted SLA in E. umbellatum 
and G. sarothrae (Figure 31). Symphoricarpos rotundifolius was the only species that had 
a meaningful effect of habitat type on LA (Figure 32). Leaf dry matter content was 




Figure 34. Average back transformed water use efficiency (WUE) with 95% confidence 
intervals for four habitat types. Data for Artemisia tridentata spp. wyomingensis (ARTR), 
Eriogonum umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and Symphoricarpos 





Figure 35. Average back transformed intercellular CO2 (CI) with 95% confidence 
intervals for four habitat types. Data for Artemisia tridentata spp. wyomingensis (ARTR), 
Eriogonum umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and Symphoricarpos 







Figure 36. Average back transformed specific leaf area (SLA) with 95% confidence 
intervals for four habitat types. Data for Artemisia tridentata spp. wyomingensis (ARTR), 
Eriogonum umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and Symphoricarpos 






Figure 37. Average back transformed leaf area (LA) with 95% confidence intervals for 
four habitat types. Data for Artemisia tridentata spp. wyomingensis (ARTR), Eriogonum 
umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and Symphoricarpos rotundifolius 





Figure 38. Average back transformed leaf dry matter content (LDMC) with 95% 
confidence intervals for four habitat types for Artemisia tridentata spp. wyomingensis 
(ARTR), Eriogonum umbellatum (ERUM), Gutierrezia sarothrae (GUSA), and 
Symphoricarpos rotundifolius (SYRO). Data were collected from plots on BLM land 
north of Kremmling, Colorado. 
Discussion 
I found significant differences in photosynthetic rate, SLA, and LA among 
species sampled. These differences reflect different life history characteristics and 
ecological niches within this system, which should be considered when planning for 
restoration. For example, Symphoricarpos rotundifolius had high SLA, which is a trait 
associated with short leaf lifespan (Wright et al. 2004). This makes sense, since this 
species has deciduous leaves and, therefore, a shorter leaf lifespan compared to evergreen 
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species. Larger leaves experience more exchange with the environment and, therefore, 
more water loss. Symphoricarpos rotundifolius and Eriogonum umbellatum can drop 
their leaves and go dormant when conditions are unfavorable, and they can maximize 
photosynthesis with large leaf surface area when conditions are favorable. Additionally, 
Eriogonum umbellatum leaves are arranged tightly in a rosette that is close to the ground, 
creating a microhabitat that reduces transpiration and, therefore, leaves can be larger 
without risk of water loss. Artemisia tridentata and G. sarothrae have small, evergreen 
leaves that last throughout the growing season. Since sampling was done in late June 
through July, it is likely that Symphoricarpos rotundifolius and Eriogonum umbellatum 
were not actively photosynthesizing at the same rates as earlier in the season and, 
therefore, their photosynthetic rates were lower than the other species. Conducting 
multiple surveys throughout the growing season could elucidate temporal patterns of 
change in photosynthesis measurements. Violle et al. (2007) highlight the need for 
functional ecologists to carefully choose traits to measure by considering which traits are 
most related to fitness in an ecosystem. However, these results highlight that both life 
history strategy and traits related to fitness should be considered when surveying traits on 
a small scale. 
I saw small interspecific differences in WUE, CI, and LDMC. It is possible that 
the levels of these traits expressed relate to high fitness in this ecosystem, and so 
convergence among species has occurred (Violle et al. 2012). Additionally, I saw species 
and habitat type interactions in LA, LDMC, CI, photosynthetic rate, and WUE. This is 
likely due to differences in species niches, where some species are more competitive in 
the more mesic habitats (north-facing and valley). On the other hand, less competitive 
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species were more tolerant of the drier habitats (south-facing and ridges). These data 
highlight the possibility that slight alterations to restoration seed mix composition that 
reflect spatial heterogeneity may increase seedling recruitment. 
For most species and trait combinations, the largest amount of intraspecific 
variability was within plots. This could be due to differences in microhabitats. Violle et 
al. (2012) suggested that in some stressful ecosystems, species may inhabit large trait 
spaces due to lack of interspecific competition. These results support this conclusion. I 
also saw exceptions to this. Notably, LDMC in Eriogonum umbellatum was largely 
impacted by habitat type. This illustrates that even within one ecosystem, different 
species may have differing amounts of plasticity in different traits (Albert et al. 2010). 
I expected photosynthetic rates to be highest in mesic habitats (north-facing and 
valley) and lower in drier habitats (south-facing and ridges). I saw this trend in A. 
tridentata and E. umbellatum. However, this was not the case for Symphoricarpos 
rotundifolius and Gutierrezia sarothrae. Gutierrezia sarothrae was not common in valley 
sites, and when found was shaded by sagebrush, probably contributing to lower 
photosynthetic rates. In Symphoricarpos rotundifolius I saw high photosynthetic rates on 
ridges, where it was also most commonly found.   
Though the hypothesis was not supported, this survey shows that differences in 
ecological niches contribute to plant productivity. On the small scale surveyed, I saw 
fewer intraspecific differences in the traits measured that were indirectly related to plant 
fitness. These included SLA, LA, and LDMC. These are among the most common traits 
collected and utilized by functional ecologists because they are easy to measure, data are 
commonly available, and they relate to plant fitness (Wright et al. 2004). However, I 
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found larger intraspecific differences in the traits I measured that directly relate to plant 
fitness. These include WUE and photosynthesis measurements. These traits had higher 
specificity and likely change more from day to day. Whole leaf traits, however, represent 
at least one full season of growth, reflecting a longer time period. These results show that 
on this small scale, data on traits with high specificity may be important to identify 
patterns. 
Conclusions 
I did not find any overarching trends in intraspecific and interspecific trait 
plasticity among species. Life history characteristics largely influenced the trait spaces 
each species inhabited, and this should be considered when incorporating plant traits into 
larger analyses. Additionally, water availability influenced traits in some species. 
However, differences in ecological niches better explained traits measured than 
differences in slope position. This study highlights the need to strongly consider which 
traits to collect data on by considering the scale of the study, what relates to fitness in an 
ecosystem, and life history strategies of species. Based on these data, sagebrush-
associated species inhabit large trait spaces and can respond plastically to habitat. Most 
intraspecific plasticity in trait values was attributed to within plots, rather than among 
habitats and, therefore, this hypothesis was not supported. Therefore, phenotypic 
plasticity should be taken into account when modelling ecosystem change and planning 
for restoration. In particular, these data indicate that these species may have a large 
ability to respond to changes in the environment once established. Donovan and 
Ehleringer (1991) found that juvenile and established plants of Artemisia tridentata and 
Ericameria nauseosa within a single population had differing levels of traits related to 
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drought tolerance, which led to higher juvenile mortality. Once established, plants have a 
large ability to cope with environmental stress. Therefore, future studies could focus on 











SUMMARY OF RESEARCH 
 
In Chapter III of my thesis, I found that sagebrush-associated species exhibit large 
trait variation as mature plants. Even within a single plot, leaf traits had large plastic 
responses to differences in microhabitat. Microhabitat differences could include leaf 
location on the plant, which influences wind exposure, amount of irradiation exposed to 
throughout development, or amount of irradiation exposed to at the time of the survey. I 
found that photosynthetic measurements were more variable and better reflect day-to-day 
response to the environment. On the other hand, whole leaf traits reflect environmental 
factors throughout the lifespan of the leaf and are, therefore, less variable. These results 
suggest that local adaptation may not play a large role in increasing the success of 
ecological restoration in sagebrush habitat. However, expanding on this research by 
surveying these species from different populations using similar methods would give 
more power to this analysis.  
I did find convergence in some traits among species. These traits included WUE 
and LDMC. This is an indication that observed values in these traits are optimal for the 
area we surveyed. Since we know these traits are largely the same among species, future 
studies could focus on these traits in species throughout the ecological range of sagebrush 




Given that sagebrush restoration is generally carried out by seeding or planting 
young individuals, a survey of adults did not address crucial traits related to 
establishment. Traits related to establishment may be particularly important to understand 
how to increase restoration success, especially given that low germination rates and 
young seedling establishment are generally low in sagebrush restoration (James et al. 
2011, Williams et al. 2002). This is particularly true since studies have shown differences 
in functional traits between young and established individuals within the same population 
(Donovan and Ehleringer 1991). Investigating intraspecific variation in traits related to 
germination and drought tolerance in young individuals would be a logical next step in 
this area of research. Understanding underlying mechanisms in variation of these traits 
could contribute to improving seed sourcing for restoration. 
In Chapter II of my thesis, I investigated traits related to seed germination from 
multiple populations of seven species related to climatic variables associated with 
collection location. There were no strong associations between seed traits and climatic 
variables. Life history characteristics of each species contributed more to seed traits than 
environment of collection. However, when plotting traits of each accession in 
multivariate space, some species contained accessions that were more tightly clustered in 
trait space, while some were less tightly clustered, suggesting some species may contain 
more intraspecific variation than others. Additionally, some accessions contained traits 
that were more closely related with other species. This tells me that intraspecific trait 
variation does occur, and finer scale environmental variables may better elucidate 
patterns in traits.  
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This research has implications for restoration seed transfer zones because if fine 
scale environmental factors contribute to germination behavior, generalized and 
widescale seed transfer zones may not be adequate to maximize restoration success. 
Making associations between additional accessions of these species and finer scale 
environmental variables could help restoration practitioners better identify seeds that are 
most appropriate for use in restoration. 
Additionally, since germination behavior was ultimately best explained by 
differences among species, this has implications for restoration seed mixtures. Woody 
shrubs tended to reach 75% of total germination more quickly than herbaceous species 
and have higher total germination rates. However, early germination coincides with frost, 
and this may lead to high mortality. Early successional herbaceous species tended to have 
slower germination rates, which may be advantageous in restoration seed mixtures since 
it increases the likelihood of at least some individuals surviving frost. Including higher 
densities of ruderal herbaceous species may increase overall recruitment and facilitate 
restoration of sagebrush habitat. These findings highlight the need to better understand 
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Germination Total and Number of Days to Achieve 75% of Total Germination for Each 
Sample (%) 
Sample Total (%) Day 
10 to 20ACMIG1 86 13 
10 to 20ACMIG2 94 11 
10 to 20ACMIG3 80 11 
10 to 20ACMIL1 88 11 
10 to 20ACMIL2 94 11 
10 to 20ACMIL3 98 11 
10 to 20ACMIR1 94 12 
10 to 20ACMIR2 88 11 
10 to 20ACMIR3 78 12 
10 to 20ARTRG1 78 6 
10 to 20ARTRG2 76 6 
10 to 20ARTRG3 66 8 
10 to 20ARTRL1 66 6 
10 to 20ARTRL2 86 4 
10 to 20ARTRL3 94 4 
10 to 20ARTRR1 88 6 
10 to 20ARTRR2 92 4 
10 to 20ARTRR3 82 4 
10 to 20ASCAG1 30 4 
10 to 20ASCAG2 32 6 
10 to 20ASCAG3 38 4 
10 to 20ASCAL1 42 8 
10 to 20ASCAL2 48 13 
10 to 20ASCAL3 42 11 
10 to 20CHVIG1 64 6 
10 to 20CHVIG2 84 6 
10 to 20CHVIG3 82 9 
10 to 20CHVIL1 70 8 




Table 8 (continued) 
Sample Total % Day 
10 to 20CHVIL3 62 12 
10 to 20CHVIR1 30 6 
10 to 20CHVIR2 24 8 
10 to 20CHVIR3 30 8 
10 to 20ERNAG1 58 2 
10 to 20ERNAG2 48 2 
10 to 20ERNAG3 46 2 
10 to 20ERNAL1 68 6 
10 to 20ERNAL2 84 8 
10 to 20ERNAL3 62 6 
10 to 20ERNAR1 66 2 
10 to 20ERNAR2 78 2 
10 to 20ERNAR3 74 3 
10 to 20ERUMCA1 54 13 
10 to 20ERUMCA2 64 15 
10 to 20ERUMCA3 48 11 
10 to 20ERUMG1 56 8 
10 to 20ERUMG2 64 11 
10 to 20ERUMG3 66 13 
10 to 20ERUML1 38 13 
10 to 20ERUML2 40 13 
10 to 20ERUML3 28 8 
10 to 20ERUMR1 56 8 
10 to 20ERUMR2 50 9 
10 to 20ERUMR3 56 8 
10 to 20GRSQG1 40 13 
10 to 20GRSQG2 56 12 
10 to 20GRSQG3 46 11 
10 to 20GRSQL1 14 12 
10 to 20GRSQL2 12 10 
10 to 20GRSQL3 14 11 
10 to 20GRSQR1 26 13 
10 to 20GRSQR2 40 12 




Table 8 (continued) 
Sample Total % Day 
15 to 25ACMIG1 66 20 
15 to 25ACMIG2 58 20 
15 to 25ACMIG3 66 20 
15 to 25ACMIL1 58 11 
15 to 25ACMIL2 70 20 
15 to 25ACMIL3 50 19 
15 to 25ACMIR1 48 10 
15 to 25ACMIR2 54 10 
15 to 25ACMIR3 68 21 
15 to 25ARTRG1 38 5 
15 to 25ARTRG2 46 4 
15 to 25ARTRG3 54 7 
15 to 25ARTRL1 78 5 
15 to 25ARTRL2 72 4 
15 to 25ARTRL3 72 5 
15 to 25ARTRR1 68 4 
15 to 25ARTRR2 70 4 
15 to 25ARTRR3 88 3 
15 to 25ASCAG1 18 3 
15 to 25ASCAG2 20 5 
15 to 25ASCAG3 16 3 
15 to 25ASCAL1 22 15 
15 to 25ASCAL2 34 14 
15 to 25ASCAL3 22 10 
15 to 25CHVIG1 74 3 
15 to 25CHVIG2 72 5 
15 to 25CHVIG3 58 4 
15 to 25CHVIL1 38 18 
15 to 25CHVIL2 52 10 
15 to 25CHVIL3 66 7 
15 to 25CHVIR1 26 18 
15 to 25CHVIR2 30 18 
15 to 25CHVIR3 28 21 




Table 8 (continued) 
Sample Total % Day 
15 to 25ERNAG2 44 3 
15 to 25ERNAG3 64 2 
15 to 25ERNAL1 76 3 
15 to 25ERNAL2 72 4 
15 to 25ERNAL3 84 4 
15 to 25ERNAR1 88 3 
15 to 25ERNAR2 86 2 
15 to 25ERNAR3 86 2 
15 to 25ERUMCA1 68 19 
15 to 25ERUMCA2 50 4 
15 to 25ERUMCA3 50 13 
15 to 25ERUMG1 70 14 
15 to 25ERUMG2 40 6 
15 to 25ERUMG3 80 16 
15 to 25ERUML1 48 16 
15 to 25ERUML2 48 17 
15 to 25ERUMR1 56 13 
15 to 25ERUMR2 46 9 
15 to 25ERUMR3 54 9 
15 to 25GRSQG1 30 16 
15 to 25GRSQG2 34 16 
15 to 25GRSQG3 22 16 
15 to 25GRSQL1 14 10 
15 to 25GRSQL2 6 21 
15 to 25GRSQL3 4 21 
15 to 25GRSQR1 16 16 
15 to 25GRSQR2 14 10 
15 to 25GRSQR3 20 21 
20 to 30ACMIG1 86 19 
20 to 30ACMIG2 72 11 
20 to 30ACMIG3 90 19 
20 to 30ACMIL1 82 19 
20 to 30ACMIL2 60 11 




Table 8 (continued) 
Sample Total % Day 
20 to 30ACMIR1 54 11 
20 to 30ACMIR2 58 13 
20 to 30ACMIR3 78 13 
20 to 30ARTRG1 40 4 
20 to 30ARTRG2 40 4 
20 to 30ARTRG3 48 9 
20 to 30ARTRL1 84 4 
20 to 30ARTRL2 72 3 
20 to 30ARTRL3 80 4 
20 to 30ARTRR1 44 3 
20 to 30ARTRR2 68 3 
20 to 30ARTRR3 84 3 
20 to 30ASCAG1 30 9 
20 to 30ASCAG2 30 13 
20 to 30ASCAG3 16 7 
20 to 30ASCAL1 56 11 
20 to 30ASCAL2 36 19 
20 to 30ASCAL3 30 19 
20 to 30CHVIG1 42 3 
20 to 30CHVIG2 52 3 
20 to 30CHVIG3 64 3 
20 to 30CHVIL1 52 11 
20 to 30CHVIL2 50 11 
20 to 30CHVIL3 68 15 
20 to 30CHVIR1 28 13 
20 to 30CHVIR2 26 9 
20 to 30CHVIR3 20 15 
20 to 30ERNAG1 44 2 
20 to 30ERNAG2 54 2 
20 to 30ERNAG3 46 2 
20 to 30ERNAL1 70 4 
20 to 30ERNAL2 88 3 
20 to 30ERNAL3 62 3 




Table 8 (continued) 
Sample Total % Day 
20 to 30ERNAR2 78 2 
20 to 30ERNAR3 80 2 
20 to 30ERUMCA1 32 11 
20 to 30ERUMCA2 20 5 
20 to 30ERUMCA3 36 4 
20 to 30ERUMG1 32 5 
20 to 30ERUMG2 30 9 
20 to 30ERUMG3 12 4 
20 to 30ERUML1 20 11 
20 to 30ERUML2 38 11 
20 to 30ERUML3 36 9 
20 to 30ERUMR1 48 11 
20 to 30ERUMR2 52 9 
20 to 30ERUMR3 34 19 
20 to 30GRSQG1 26 12 
20 to 30GRSQG2 22 13 
20 to 30GRSQG3 24 19 
20 to 30GRSQL1 12 29 
20 to 30GRSQL2 8 19 
20 to 30GRSQL3 10 19 
20 to 30GRSQR1 20 19 
20 to 30GRSQR2 16 29 
20 to 30GRSQR3 12 29 
23 to 33ACMIG1 80 8 
23 to 33ACMIG2 80 8 
23 to 33ACMIG3 74 9 
23 to 33ACMIL1 72 8 
23 to 33ACMIL2 60 6 
23 to 33ACMIL3 80 14 
23 to 33ACMIR1 62 8 
23 to 33ACMIR2 56 11 
23 to 33ACMIR3 50 14 
23 to 33ARTRG1 12 3 




Table 8 (continued) 
Sample Total % Day 
23 to 33ARTRG3 20 15 
23 to 33ARTRL1 58 6 
23 to 33ARTRL2 60 8 
23 to 33ARTRL3 68 11 
23 to 33ARTRR1 58 15 
23 to 33ARTRR2 60 15 
23 to 33ARTRR3 56 15 
23 to 33ASCAG1 20 6 
23 to 33ASCAG2 26 13 
23 to 33ASCAG3 30 11 
23 to 33CHVIG1 46 6 
23 to 33CHVIG2 48 6 
23 to 33CHVIG3 44 4 
23 to 33CHVIL1 52 11 
23 to 33CHVIL2 48 7 
23 to 33CHVIL3 46 4 
23 to 33CHVIR1 12 6 
23 to 33CHVIR2 22 7 
23 to 33CHVIR3 14 6 
23 to 33ERNAG1 24 2 
23 to 33ERNAG2 24 2 
23 to 33ERNAG3 30 2 
23 to 33ERNAL1 60 3 
23 to 33ERNAL2 54 3 
23 to 33ERNAL3 62 3 
23 to 33ERNAR1 74 2 
23 to 33ERNAR2 72 2 
23 to 33ERNAR3 56 2 
23 to 33ERUMCA1 30 8 
23 to 33ERUMCA2 32 8 
23 to 33ERUMCA3 32 6 
23 to 33ERUML1 20 21 
23 to 33ERUML2 24 11 




Table 8 (continued) 
Sample Total % Day 
23 to 33ERUMR1 54 11 
23 to 33ERUMR2 50 8 
23 to 33ERUMR3 48 6 
23 to 33GRSQG1 28 11 
23 to 33GRSQG2 30 15 
23 to 33GRSQG3 32 15 
23 to 33GRSQL1 16 15 
23 to 33GRSQL2 12 15 
23 to 33GRSQL3 12 15 
23 to 33GRSQR1 20 15 
23 to 33GRSQR2 24 14 
23 to 33GRSQR3 42 14 
Note. Seeds of seven species (Achillea millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus canadensis 
(ASCA), Chrysothamnus viscidiflorus (CHVI), TaEricameria nauseosa (ERNA), Eriogonum umbellatum (ERUM), and 
Grindelia squarrosa) (GRSQ) were collected from Local (L), Regional (R), and Global (G) locations by Seeds of 
Success were used. Temperature regimes included 10 to 20, 15 to 25, 20 to 30, and 23-33 degrees Celsius. Three 





Coefficient of Variation (CV) of Total Germination and the Number of Days to Achieve 







CV of Days to 75% of total 
Germination 
CV of Total 
Germination 
10 to 20 G ACMI 9.897433 8.104349 
15 to 25 G ACMI 0 7.292846 
20 to 30 G ACMI 28.278381 11.433425 
23 to 33 G ACMI 6.928203 4.441156 
10 to 20 L ACMI 0 5.392739 
15 to 25 L ACMI 29.597297 16.96592 
20 to 30 L ACMI 29.046502 24.023052 
23 to 33 L ACMI 44.607129 14.244971 
10 to 20 R ACMI 4.948717 9.326427 
15 to 25 R ACMI 46.469656 18.111534 
20 to 30 R ACMI 9.362437 20.302423 
23 to 33 R ACMI 27.272727 10.714286 
10 to 20 G ARTR 17.320508 8.766955 
15 to 25 G ARTR 28.641098 17.391304 
20 to 30 G ARTR 50.942671 10.825318 
23 to 33 G ARTR 45 26.646936 
10 to 20 L ARTR 24.743583 17.588055 
15 to 25 L ARTR 12.371791 4.681218 
20 to 30 L ARTR 15.745916 7.767077 
23 to 33 L ARTR 30.199338 8.534682 
10 to 20 R ARTR 24.743583 5.763232 
15 to 25 R ARTR 15.745916 14.621869 
20 to 30 R ARTR 0 30.815651 
23 to 33 R ARTR 0 3.448276 
10 to 20 G ASCA 24.743583 12.489996 
15 to 25 G ASCA 31.491833 11.111111 
20 to 30 G ASCA 31.60397 31.906199 
23 to 33 G ASCA 36.055513 19.867985 
10 to 20 L ASCA 23.593233 7.872958 
15 to 25 L ASCA 20.351933 26.646936 
20 to 30 L ASCA 28.278381 33.476357 











CV of Days to 75% of total 
Germination 
CV of Total 
Germination 
15 to 25 G CHVI 25 12.820291 
20 to 30 G CHVI 0 20.914825 
23 to 33 G CHVI 21.650635 4.347826 
10 to 20 L CHVI 24.743583 6.859607 
15 to 25 L CHVI 48.739206 26.923077 
20 to 30 L CHVI 18.724874 17.410175 
23 to 33 L CHVI 47.889335 6.277501 
10 to 20 R CHVI 15.745916 12.371791 
15 to 25 R CHVI 9.116057 7.142857 
20 to 30 R CHVI 24.770679 16.878373 
23 to 33 R CHVI 9.116057 33.071891 
10 to 20 G ERNA 0 12.689014 
15 to 25 G ERNA 24.743583 20.140126 
20 to 30 G ERNA 0 11.023964 
23 to 33 G ERNA 0 13.323468 
10 to 20 L ERNA 17.320508 15.942731 
15 to 25 L ERNA 15.745916 7.900993 
20 to 30 L ERNA 17.320508 18.159077 
23 to 33 L ERNA 0 7.096589 
10 to 20 R ERNA 24.743583 8.408396 
15 to 25 R ERNA 24.743583 1.332347 
20 to 30 R ERNA 0 8.534204 
23 to 33 R ERNA 0 14.652127 
10 to 20 CA ERUM 15.384615 14.607657 
15 to 25 CA ERUM 62.915287 18.557687 
20 to 30 CA ERUM 56.789083 28.386355 
23 to 33 CA ERUM 15.745916 3.685214 
10 to 20 G ERUM 23.593233 8.534682 
15 to 25 G ERUM 44.095855 32.868411 
20 to 30 G ERUM 44.095855 44.655977 
10 to 20 L ERUM 25.471335 18.195567 
15 to 25 L ERUM 4.285496 0 
20 to 30 L ERUM 11.174521 31.486486 











CV of Days to 75% of total 
Germination 
CV of Total 
Germination 
10 to 20 R ERUM 6.928203 6.415003 
15 to 25 R ERUM 22.349043 10.175967 
20 to 30 R ERUM 40.703866 21.160368 
23 to 33 R ERUM 30.199338 6.029705 
10 to 20 G GRSQ 8.333333 17.076557 
15 to 25 G GRSQ 0 21.314306 
20 to 30 G GRSQ 25.81322 8.333333 
23 to 33 G GRSQ 16.898057 6.666667 
10 to 20 L GRSQ 9.090909 8.660254 
15 to 25 L GRSQ 36.639536 66.143783 
20 to 30 L GRSQ 25.851505 20 
23 to 33 L GRSQ 0 17.320508 
10 to 20 R GRSQ 4.558028 25.777176 
15 to 25 R GRSQ 35.154706 18.330303 
20 to 30 R GRSQ 22.494166 25 
23 to 33 R GRSQ 4.028025 40.87999 
Note. Seeds of seven species (Achillea millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus 
canadensis (ASCA), Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), Eriogonum 
umbellatum (ERUM), and Grindelia squarrosa) (GRSQ) were collected from Local (L), Regional (R), and 
Global (G) locations by Seeds of Success were used. Temperature regimes included 10 to 20, 15 to 25, 20 







Seed Mass (MG/Seed) for Each Seed Accession at Each Temperature Regime 
Species Accession Mass (mg/seed) 
ERUM R 2.12 
ERUM R 1.838 
ERUM R 1.94 
ERUM L 2.153 
ERUM L 1.965 
ERUM L 1.872 
ERUM CA 2.8 
ERUM CA 3.009 
ERUM CA 3.001 
ERUM G 3.002 
ERUM G 2.984 
ERUM G 2.877 
ASCA L 9.134 
ASCA L 9.852 
ASCA L 8.737 
ASCA G 1.62 
ASCA G 1.982 
ASCA G 1.962 
ARTRT R 0.143 
ARTRT R 0.12 




Table 10 (continued) 
Species Accession Mass (mg/seed) 
ARTRT L 0.223 
ARTRT L 0.235 
ARTRT L 0.216 
ARTRP G 0.263 
ARTRP G 0.21 
ARTRP G 0.233 
ERNA R 1.247 
ERNA R 1.276 
ERNA R 1.217 
ERNA L 0.734 
ERNA L 0.797 
ERNA L 0.724 
ERNA G 0.644 
ERNA G 0.623 
ERNA G 0.641 
GRSQ R 0.997 
GRSQ R 1.011 
GRSQ R 0.8721 
GRSQ L 1.126 
GRSQ L 1.321 
GRSQ L 0.989 




Table 10 (continued) 
Species Accession Mass (mg/seed) 
GRSQ G 0.659 
GRSQ G 0.782 
CHVI R 0.496 
CHVI R 0.499 
CHVI R 0.493 
CHVI L 0.494 
CHVI L 0.523 
CHVI L 0.522 
CHVI G 0.438 
CHVI G 0.437 
CHVI G 0.462 
ACMI R 0.11 
ACMI R 0.129 
ACMI R 0.143 
ACMI L 0.114 
ACMI L 0.123 
ACMI L 0.134 
ACMI G 0.136 
ACMI G 0.174 
ACMI G 0.153 
Note. Seeds of seven species (Achillea millefolium (ACMI), Artemisia tridentata (ARTR), Astragalus 
canadensis (ASCA), Chrysothamnus viscidiflorus (CHVI), Ericameria nauseosa (ERNA), Eriogonum 
umbellatum (ERUM), and Grindelia squarrosa) (GRSQ) were collected from Local (L), Regional (R), and 
Global (G) locations by Seeds of Success were used. Temperature regimes included 10 to 20, 15 to 25, 20 






Mean Temperature (Degrees Celsius) for Five Ecologically Significant Seasons for Each 
Seed Accession Collection Location  
 
Accession Mean Winter Early Spring Late Spring Summer Fall 
GRSQR -3 2 4 17 9.4 
GRSQG 2 5.9 5 20 12.6 
GRSQL 0 4.5 6 20 11.9 
ERUMG -2 0.8 1 15 8.6 
ERUMCA -2 0.3 0 14 7.8 
ERUMR 0 4.8 7 20 12.2 
ERUML -2 2.2 3 17 9.4 
ASCAL -7 -1 0 14 6.8 
ASCAG 2 5.9 5 20 12.6 
ERNAL -7 -2 0 14 6.4 
ERNAR -5 0.2 3 17 8.4 
ERNAG -2 2.1 2 15 9 
CHVIR -7 -2 0 14 6.4 
CHVIL -5 0.2 3 17 8.4 
CHVIG -2 2.1 2 15 9 
ARTRG 8 10 9 23 17.6 
ARTRR -1 5.4 5 21 12.8 
ARTRL -5 1.2 2 18 8.9 
ACMIL -6 -1 2 16 7.9 
ACMIR -5 0 2 17 8.4 
ACMIG -1 3 2 16 10.4 







Mean Temperature Range (Degrees Celsius) for Five Ecologically Significant Seasons 
for Each Seed Accession Collection Location 
 
Accession Winter Early Spring Late Spring Summer Fall 
GRSQR 14.2 15 17 19.2 13.2 
GRSQG 15.1 16.2 19 22 16 
GRSQL 15.6 15.4 16.2 16.8 13 
ERUMG 12.8 13.6 15.5 17 12 
ERUMCA 13 13.8 15.8 17 12 
ERUMR 15.9 15.4 16.2 16.8 13 
ERUML 16.7 16 17.5 18.2 13.7 
ASCAL 13.9 15 18.2 20.2 14.3 
ASCAG 15 16.2 19 22 16 
ERNAL 12.7 13.1 15.6 18.6 13.1 
ERNAR 12.4 13.8 17.1 18.4 13 
ERNAG 13.7 15 17 18.2 13.3 
CHVIR 12.7 13.1 15.6 18.6 13.1 
CHVIL 12.4 13.8 17.1 18.4 13 
CHVIG 13.7 15 17 18.2 13.3 
ARTRG 13.4 14.4 16.6 17.6 13 
ARTRR 15 16.8 19.6 18.2 13.3 
ARTRL 14 15.1 18.6 20 14.3 
ACMIL 11.9 13.4 16.7 18 12.8 
ACMIR 12.2 12.6 15.5 18.2 12.5 
ACMIG 15.4 15.7 19 22.9 15.9 




Mean Total Precipitation (cm) for Five Ecologically Significant Seasons for Each Seed 
Accession Collection Location 
Accession Winter Early Spring Late Spring Summer Fall 
GRSQR 8 21 41 24 22 
GRSQG 40 22 16 10 14 
GRSQL 18 42 58 48 34 
ERUMG 92 60 26 16 29 
ERUMCA 46 30 16 16 18 
ERUMR 18 41 58 48 34 
ERUML 19 42 55 56 34 
ASCAL 49 53 56 54 48 
ASCAG 40 21 15 10 14 
ERNAL 43 42 42 30 37 
ERNAR 20 28 32 28 28 
ERNAG 48 30 18 14 18 
CHVIR 43 42 42 30 37 
CHVIL 20 28 32 28 28 
CHVIG 48 30 18 14 18 
ARTRG 69 62 8 16 18 
ARTRR 29 28 18 44 37 
ARTRL 16 24 29 24 26 
ACMIL 23 31 34 30 30 
ACMIR 39 36 45 32 28 
ACMIG 84 52 22 12 28 

















Location and Elevation for Each Plot in Which Plants were Sampled 
Plot UTM Zone Northing Easting Elev (M) 
N2 13 386430 4438905 2372 
R2 13 383774 4445140 2371 
N1 13 382421 4446543 2368 
S1 13 383764 4445311 2378 
R3 13 385369 4443460 2367 
N3 13 382386 4446573 2364 
R1 13 386422 4438414 2427 
S2 13 386465 4438319 2415 
V3 13 382772 4445884 2324 
V1 13 381026 4447365 2322 
V2 13 383269 4445709 2343 







Water Use Efficiency (WUE), Photosynthesis (Photo), Intercellular CO (CI), Specific 
Leaf aArea (SLA), Leaf Dry Matter Content (LDMC), and Leaf Area Values for Artemisia 
tridentata Measured at 12 Plot Locations Near Kremmling, Colorado 
 
Plot WUE Photo Ci SLA LDMC LA 
N1 0.759 5.510 183.127 13.178 37.681 0.163 
N1 0.435 14.701 274.274 10.544 35.526 0.203 
N1 0.352 5.801 298.879 12.881 31.579 0.172 
N1 0.399 6.760 284.291 8.049 44.304 0.176 
N1 0.503 9.170 269.110 8.136 45.455 0.153 
N1 0.810 12.400 191.251 9.003 38.095 0.120 
N1 0.780 10.514 186.681 10.111 32.099 0.155 
N1 0.518 13.534 237.165 7.066 37.500 0.185 
N1 0.604 4.790 193.269 9.573 38.158 0.168 
N1 0.455 15.126 241.829 10.107 41.818 0.194 
N2 0.798 12.135 303.374 10.016 44.444 0.200 
N2 0.489 2.949 345.018 40.511 42.308 0.337 
N2 1.158 7.414 274.505 12.114 41.558 0.323 
N2 0.839 8.097 296.858 11.302 38.462 0.154 
N2 1.018 13.278 290.068 9.629 44.000 0.199 
N2 0.653 16.481 327.644 10.130 39.024 0.101 
N2 0.392 9.108 192.232 10.972 43.590 0.117 
N2 0.492 9.325 351.428 8.906 37.736 0.085 
N2 1.328 9.392 229.095 9.073 48.000 0.145 
N2 0.361 9.315 331.366 10.557 41.228 0.236 
N3 0.448 2.815 277.783 9.242 45.968 0.142 
N3 0.519 5.423 271.286 11.222 52.778 0.112 




Table 15 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
N3 0.620 7.405 221.042 9.354 44.186 0.148 
N3 0.455 3.500 326.307 9.813 46.809 0.094 
N3 0.576 5.674 245.425 10.541 41.935 0.152 
N3 0.508 13.909 264.768 9.845 49.123 0.115 
N3 0.602 7.676 244.254 8.216 50.000 0.136 
N3 0.592 5.273 239.102 13.218 46.591 0.285 
N3 0.382 7.069 288.100 11.315 41.935 0.128 
R1 1.438 6.362 210.578 10.781 40.678 0.108 
R1 1.018 8.258 265.016 11.835 38.095 0.146 
R1 1.341 7.745 217.632 13.566 40.741 0.130 
R1 1.380 7.545 147.948 6.875 37.662 0.166 
R1 1.380 7.770 147.957 13.830 56.000 0.215 
R1 1.266 6.847 229.066 7.941 40.000 0.123 
R1 1.337 6.298 219.053 11.685 52.174 0.175 
R1 0.420 4.904 346.325 10.849 32.143 0.078 
R2 1.589 7.594 228.398 7.779 47.945 0.157 
R2 1.515 6.219 209.337 8.115 44.898 0.188 
R2 0.408 5.731 341.411 9.154 48.485 0.176 
R2 0.470 6.622 338.574 8.350 43.158 0.201 
R2 0.581 8.436 313.783 8.047 44.304 0.128 
R2 0.645 6.000 322.121 11.768 36.667 0.118 
R2 0.440 6.574 329.756 7.710 48.529 0.098 
R2 0.863 7.697 307.428 11.624 37.500 0.121 
R2 0.666 7.031 328.415 8.237 45.161 0.128 




Table 15 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
R3 0.735 6.863 244.348 14.158 27.778 0.112 
R3 1.336 4.127 146.938 13.826 58.333 0.194 
R3 1.428 6.513 110.468 6.327 58.333 0.258 
R3 0.959 6.132 195.310 11.677 46.429 0.098 
R3 1.003 7.243 161.874 11.167 53.846 0.125 
R3 1.089 10.049 159.030 7.614 48.276 0.089 
R3 0.957 8.179 215.624 12.414 42.254 0.113 
R3 0.731 4.850 238.065 8.551 50.000 0.188 
R3 0.759 4.871 242.455 4.861 43.000 0.111 
S1 0.677 3.781 80.026 11.869 35.526 0.169 
S1 0.523 5.012 140.412 9.809 63.889 0.090 
S1 0.402 5.509 205.659 9.655 44.304 0.178 
S1 0.505 7.290 184.478 12.116 47.500 0.115 
S1 1.585 6.619 224.362 11.109 56.250 0.187 
S1 0.863 5.925 244.108 10.000 50.980 0.126 
S1 0.638 6.242 111.613 7.730 52.941 0.186 
S1 0.596 5.692 130.471 14.368 41.667 0.180 
S1 0.728 4.554 92.168 8.666 56.364 0.158 
S1 0.877 5.246 32.287 10.087 53.846 0.118 
S2 0.868 10.822 243.242 8.988 39.759 0.247 
S2 0.670 5.981 265.785 8.772 34.000 0.088 
S2 0.427 3.966 301.828 10.817 41.176 0.162 
S2 0.809 5.291 221.939 9.619 47.826 0.141 
S2 1.252 5.280 218.258 11.383 35.088 0.207 




Table 15 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
S2 0.847 4.901 239.016 10.430 58.333 0.168 
S2 0.971 6.383 164.896 10.348 58.333 0.121 
S2 0.673 4.300 242.118 12.756 39.394 0.237 
S3 0.742 10.850 223.329 9.464 41.667 0.189 
S3 0.584 9.778 239.399 11.430 44.118 0.171 
S3 0.597 7.464 217.988 8.288 57.143 0.155 
S3 0.522 7.784 284.235 9.876 40.000 0.145 
S3 0.504 4.825 212.746 10.770 46.296 0.135 
S3 1.354 8.044 165.428 9.540 50.000 0.101 
S3 0.669 6.664 169.764 7.883 49.533 0.149 
S3 0.409 4.828 255.344 9.658 41.791 0.150 
S3 0.580 7.585 164.158 10.424 37.313 0.113 
S3 0.580 8.874 156.774 8.174 62.687 0.149 
V1 0.646 10.216 213.689 8.476 40.000 0.141 
V1 0.424 14.628 277.649 12.385 35.849 0.181 
V1 0.505 9.091 259.826 13.351 31.915 0.154 
V1 0.399 8.194 284.351 7.747 42.254 0.137 
V1 0.503 6.196 268.991 10.321 39.326 0.144 
V1 0.810 9.499 191.133 11.753 39.344 0.176 
V1 0.795 11.927 183.121 10.742 36.667 0.139 
V1 0.533 7.807 231.382 13.509 37.838 0.196 
V1 0.747 8.074 230.774 8.067 43.662 0.192 
V1 0.588 14.716 199.576 8.464 46.341 0.161 
V1 0.455 10.562 241.644 9.248 44.444 0.175 




Table 15 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
V2 1.393 8.857 117.481 6.991 48.421 0.214 
V2 0.879 9.070 218.396 7.988 50.980 0.260 
V2 0.602 7.651 251.428 8.225 54.688 0.221 
V2 0.642 8.352 234.502 8.349 53.247 0.228 
V2 0.484 5.193 318.662 9.081 51.563 0.143 
V2 0.496 5.035 286.947 10.026 36.207 0.150 
V2 0.323 5.173 271.792 9.334 52.381 0.128 
V2 0.674 8.240 176.528 7.540 50.667 0.205 
V2 0.346 7.204 295.259 8.362 55.172 0.111 
V3 0.894 14.203 190.616 7.241 54.167 0.118 
V3 1.137 12.946 151.750 8.037 47.222 0.210 
V3 0.536 7.612 276.474 9.614 48.454 0.110 
V3 0.804 7.623 188.409 9.488 48.315 0.163 
V3 0.519 9.111 247.664 11.158 44.186 0.137 
V3 0.650 7.611 174.549 13.289 35.185 0.133 
V3 0.605 14.568 212.442 9.719 46.875 0.121 
V3 0.542 7.412 155.703 20.514 20.833 0.110 
V3 0.444 7.355 188.821 9.393 48.235 0.148 







Water Use Efficiency (WUE), Photosynthesis (Photo), Intercellular CO (CI), Specific 
Leaf Area (SLA), Leaf Dry Matter Content (LDMC), and Leaf Area Values for 
Eriogonum umbellatum Measured at 12 Plot Locations Near Kremmling, Colorado 
 
Plot WUE Photo Ci SLA LDMC LA 
N1 0.525 7.656 279.641 7.481 35.931 1.552 
N1 0.326 7.348 290.691 6.808 41.322 0.567 
N1 0.367 6.051 279.384 7.218 40.455 0.918 
N1 0.352 7.705 266.551 6.636 43.575 0.863 
N1 0.481 7.059 227.615 6.692 41.104 0.897 
N1 0.453 7.951 254.291 6.521 47.059 0.626 
N1 0.336 6.535 278.436 7.217 38.542 0.763 
N1 0.432 7.445 255.643 6.593 43.878 0.709 
N1 0.667 7.802 226.714 5.777 40.441 1.059 
N1 0.646 7.124 207.844 6.610 35.135 1.289 
R1 0.695 6.248 242.153 5.512 48.352 0.404 
R1 0.618 5.395 261.705 6.118 45.930 1.208 
R1 0.658 6.668 236.340 6.550 37.391 1.408 
R1 0.550 3.807 251.342 6.363 45.701 1.607 
R1 0.399 2.699 250.386 5.844 50.394 0.935 
R1 0.845 3.244 175.937 7.631 41.497 1.164 
R1 0.473 4.066 226.859 7.753 46.491 1.027 
R1 0.373 5.714 240.159 6.780 45.690 0.898 
R1 0.421 4.095 205.246 6.625 53.684 0.845 
R2 0.436 2.700 263.608 6.056 40.397 0.924 
R2 0.618 3.261 206.137 5.125 42.798 1.332 
R2 0.585 6.749 223.729 4.817 39.496 1.132 
R2 0.710 3.121 187.743 6.444 43.200 0.870 
R2 0.397 6.193 259.160 5.660 42.373 0.708 
R2 0.748 2.471 112.814 6.549 42.063 0.868 
R2 0.402 4.654 217.545 6.825 49.367 0.665 
R2 0.494 5.397 183.267 5.926 43.902 0.800 
135 
 
Table 16 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
R2 0.632 3.979 130.990 6.439 43.452 1.175 
R2 0.506 3.581 195.934 6.100 45.390 0.976 
S1 0.483 4.431 142.000 6.096 55.263 0.960 
S1 0.509 1.200 225.388 5.705 54.878 1.284 
S1 0.627 2.015 146.000 5.886 56.383 0.780 
S1 0.714 3.828 111.190 5.226 58.678 0.928 
S1 0.506 1.607 216.453 6.008 58.475 1.036 
S1 0.527 1.442 201.753 6.073 54.286 0.865 
S1 0.301 2.734 180.000 6.917 46.875 0.778 
S1 0.433 2.492 221.067 8.376 43.421 0.691 
S1 0.546 4.022 161.824 5.246 58.182 1.259 
S2 0.356 1.638 321.599 6.827 47.945 1.195 
S2 0.595 5.212 272.959 5.546 48.592 0.957 
S2 0.673 5.778 240.642 6.142 50.450 0.860 
S2 0.533 4.387 251.413 6.426 50.000 0.819 
S2 0.426 3.851 198.646 5.947 52.593 1.056 
S2 0.495 3.629 166.105 7.137 51.351 1.017 
S2 0.847 3.406 223.870 6.491 49.425 1.396 
S2 0.542 4.799 285.825 6.988 47.761 1.118 
S2 0.728 5.446 259.359 6.526 44.000 1.077 
S3 0.461 1.229 203.073 5.600 53.205 1.162 
S3 0.550 3.698 168.165 6.593 53.659 0.725 
S3 0.663 2.023 102.915 4.511 51.010 1.139 
S3 0.844 2.139 235.000 6.557 50.735 1.131 
S3 0.438 2.569 208.855 5.227 54.301 1.320 
S3 0.337 1.930 234.560 5.596 52.941 1.259 
S3 0.472 3.178 154.947 6.359 54.902 0.890 
S3 0.227 2.714 266.443 5.988 56.349 1.063 
S3 0.298 3.126 216.490 5.215 55.122 1.473 





Water Use Efficiency (WUE), Photosynthesis (Photo), Intercellular CO (CI), Specific 
Leaf Area (SLA), Leaf Dry Matter Content (LDMC), and Leaf Area Values for 
Gutierrezia sarothrae Measured at 12 Plot Locations Near Kremmling, Colorado 
 
Plot WUE Photo Ci SLA LDMC LA 
N1 0.724 9.789 272.109 9.837 44.118 0.123 
N1 1.211 3.807 249.354 10.538 43.590 0.133 
N1 0.692 4.003 312.223 14.248 25.352 0.142 
N1 1.340 4.595 240.812 11.943 32.258 0.069 
N1 1.242 5.660 257.675 17.430 30.000 0.174 
N1 0.587 7.720 323.371 14.260 34.375 0.174 
N1 0.982 6.097 277.937 12.124 33.929 0.177 
N1 0.568 6.800 326.814 12.356 42.857 0.183 
N1 1.284 11.782 249.188 15.839 24.000 0.158 
N1 0.920 3.728 280.112 13.495 31.884 0.106 
N2 0.755 6.217 266.754 12.742 39.583 0.173 
N2 1.138 4.240 253.205 17.008 35.556 0.227 
N2 0.659 4.530 316.460 19.399 35.484 0.194 
N2 1.339 5.371 241.136 14.970 40.000 0.214 
N2 1.303 9.562 252.141 11.490 42.308 0.084 
N2 0.605 9.733 321.417 13.135 31.250 0.101 
N2 0.731 9.052 309.035 10.968 46.154 0.120 
N2 0.568 10.000 326.950 11.617 39.474 0.134 
N2 1.377 11.605 239.135 11.505 40.909 0.148 
N2 0.830 9.872 290.627 11.479 42.857 0.115 
N3 0.949 10.751 131.908 9.929 36.538 0.157 
N3 0.635 10.779 210.164 10.712 38.182 0.141 
N3 0.473 9.944 261.576 7.418 61.538 0.132 
N3 0.944 4.385 124.415 13.002 39.623 0.182 




Table 17 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
N3 0.561 8.591 247.379 12.641 40.000 0.152 
N3 0.723 9.505 189.378 11.543 45.946 0.151 
N3 0.776 13.001 187.552 11.568 47.826 0.254 
N3 0.321 11.500 302.985 9.449 40.351 0.181 
R2 0.301 5.776 357.877 11.950 37.500 0.179 
R2 0.590 9.880 311.444 16.452 38.889 0.115 
R2 0.210 5.681 321.000 13.868 41.176 0.072 
R2 0.304 10.900 347.373 10.781 36.842 0.189 
R2 0.782 7.335 320.000 10.966 50.000 0.070 
R2 0.607 7.098 292.922 15.828 39.286 0.070 
R2 0.160 4.439 432.258 14.800 53.571 0.082 
R2 0.278 5.752 457.279 12.297 40.000 0.114 
R2 0.320 8.751 297.855 22.988 14.286 0.084 
R3 0.535 14.780 263.517 13.715 29.630 0.157 
R3 0.756 3.453 196.777 10.230 54.762 0.181 
R3 1.135 10.653 142.997 10.536 42.222 0.222 
R3 0.655 7.580 249.374 13.272 35.849 0.180 
R3 0.669 7.620 257.013 13.714 36.000 0.206 
R3 0.905 6.853 193.306 9.468 52.000 0.224 
R3 0.564 4.725 261.079 8.468 56.098 0.162 
R3 0.614 5.042 249.760 10.320 54.054 0.344 
R3 0.650 7.604 224.870 12.415 41.667 0.266 
R3 0.485 5.668 265.916 11.063 63.333 0.175 
S1 0.766 11.822 248.917 10.335 54.054 0.230 
S1 0.730 8.032 213.819 13.747 29.787 0.175 
S1 0.442 5.748 251.493 11.273 45.238 0.306 
S1 0.594 8.813 210.021 17.479 24.324 0.262 




Table 17 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
S1 0.477 6.667 254.511 11.685 50.000 0.195 
S1 0.679 8.979 186.519 11.136 48.276 0.173 
S1 0.614 11.075 209.079 12.042 37.500 0.217 
S1 0.447 7.540 237.874 10.074 43.243 0.269 
S1 1.059 9.773 34.154 9.985 41.935 0.185 
S1 0.582 10.341 142.608 8.252 61.702 0.184 
S1 0.606 12.431 121.812 9.184 47.619 0.184 
S1 0.518 7.976 159.426 8.679 57.576 0.137 
S1 0.308 6.851 247.775 13.576 43.750 0.114 
S1 0.270 10.878 264.756 9.016 40.541 0.104 
S1 0.674 10.071 76.136 8.846 57.692 0.166 
S1 0.320 4.170 210.782 8.701 47.692 0.270 
V1 0.821 12.225 133.532 11.805 45.000 0.304 
V1 0.734 7.982 156.178 10.117 42.857 0.304 
V1 1.122 9.987 38.711 15.579 26.087 0.267 
V1 0.347 4.466 276.310 14.324 43.478 0.205 
V1 0.491 10.450 231.513 7.484 38.889 0.135 
V1 0.505 13.333 208.424 7.150 47.273 0.154 
V1 0.373 10.717 244.456 9.149 42.308 0.144 
V1 0.328 6.676 234.112 11.777 35.714 0.168 
V1 0.547 13.638 84.050 5.440 35.000 0.069 
V1 0.462 7.943 121.705 13.936 40.000 0.167 
V2 0.806 5.720 187.085 9.628 48.148 0.139 
V2 0.680 6.120 177.538 19.821 22.222 0.099 
V2 0.812 14.460 139.719 14.324 31.250 0.286 
V2 0.603 10.756 170.276 11.770 34.783 0.235 
V2 0.619 12.065 163.631 15.415 36.842 0.180 




Table 17 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
V2 0.652 11.640 136.163 8.951 60.000 0.153 
V2 0.747 8.594 110.083 9.085 43.478 0.182 
V2 0.711 9.734 134.049 9.246 68.750 0.145 








Water Use Efficiency (WUE), Photosynthesis (Photo), Intercellular CO (CI), Specific 
Leaf Area (SLA), Leaf Dry Matter Content (LDMC), and Leaf Area Values for 
Symphoricarpos rotundifolius Measured at 12 Plot Locations Near Kremmling, Colorado 
 
Plot WUE Photo Ci SLA LDMC LA 
R1 0.369 17.308 215.102 15.210 19.565 0.288 
R1 0.374 10.000 205.871 13.587 40.816 0.388 
R1 0.290 10.084 242.160 14.507 34.884 0.870 
R1 0.866 10.031 107.768 29.348 19.565 0.660 
R1 0.389 13.097 168.556 11.484 48.936 0.660 
R1 0.443 12.502 160.839 9.978 50.877 0.723 
R1 0.545 13.238 129.787 13.518 44.681 0.710 
R1 0.437 11.994 169.061 11.524 48.485 0.615 
R1 0.443 19.278 171.349 12.707 49.057 0.826 
R1 0.635 9.561 113.157 14.993 33.333 0.525 
R2 0.679 2.001 289.214 12.266 50.538 0.721 
R2 0.600 4.000 112.000 12.361 49.333 0.762 
R2 0.819 5.147 128.306 12.092 46.552 0.816 
R2 0.994 3.547 112.020 11.489 42.593 0.440 
R2 0.797 10.431 133.483 10.113 43.750 0.354 
R2 0.530 4.628 213.542 12.460 45.455 0.467 
R2 0.658 8.929 123.067 11.659 49.254 0.770 
R2 0.481 2.382 186.346 16.072 40.000 0.234 
R2 0.460 2.653 169.864 10.733 51.389 0.662 
R2 0.524 5.504 121.914 13.514 44.595 0.743 
R3 1.202 4.774 179.985 14.008 54.762 0.644 




Table 18 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
R3 1.395 3.206 132.971 17.308 54.545 0.283 
R3 1.207 4.634 115.260 11.157 61.818 0.759 
R3 0.643 4.522 248.949 8.498 59.375 0.807 
R3 1.399 5.998 120.262 14.777 57.143 0.253 
R3 1.777 6.092 162.577 10.797 58.182 0.864 
R3 0.730 4.033 186.714 14.869 57.895 0.363 
R3 1.307 6.183 113.204 12.111 56.098 0.464 
R3 0.793 5.674 122.615 13.681 58.333 0.718 
S3 0.487 3.123 121.296 11.704 60.714 0.398 
S3 0.523 2.251 115.541 12.987 60.976 0.812 
S3 0.573 2.618 127.355 13.394 57.692 1.005 
S3 0.417 1.722 120.054 13.777 54.545 0.413 
S3 0.325 2.805 171.997 14.545 42.857 0.436 
S3 0.402 2.471 126.946 15.618 29.091 0.500 
S3 0.379 7.879 129.015 11.426 34.483 0.762 
S3 0.341 5.414 180.719 12.430 53.125 1.057 
S3 0.323 5.921 197.277 11.684 50.000 0.847 
V1 0.422 13.796 241.409 13.909 56.000 0.974 
V1 0.488 7.726 238.886 9.434 50.000 1.274 
V1 0.618 12.310 206.168 14.138 50.943 0.954 
V1 0.613 9.918 204.970 12.130 41.176 1.698 
V1 0.952 7.949 91.691 11.371 44.595 0.938 
V1 0.524 10.530 235.970 17.156 40.909 1.544 
V1 0.576 14.984 212.455 11.058 46.000 1.272 




Table 18 (continued) 
Plot WUE Photo Ci SLA LDMC LA 
V1 0.930 10.599 128.291 10.311 47.727 0.541 
V1 0.776 5.693 156.662 10.549 51.020 1.637 
V2 0.676 6.804 163.378 12.384 39.583 1.176 
V2 0.769 3.746 112.774 10.635 41.935 0.461 
V2 0.458 3.009 205.283 19.231 62.069 0.865 
V2 0.588 5.350 153.127 6.326 34.000 0.617 
V2 0.695 6.737 123.096 14.393 43.077 0.672 
V2 0.596 2.806 124.547 11.769 52.941 1.059 
V2 0.594 2.716 138.222 22.384 27.778 0.839 
V2 0.583 3.414 115.499 15.564 53.488 0.895 
V2 0.621 3.419 87.212 8.298 77.273 0.705 
V2 0.460 3.046 159.685 14.113 54.386 1.094 
V3 0.377 9.001 197.399 10.803 52.239 0.945 
 
